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ABSTRACT
Renewable energy resources are stochastic with seasonal and diurnal patterns, making electricity
generation by these resources difficult to predict, and making it difficult to plan future generation
expansion. Understanding these patterns is critical in determining whether various renewable
energy sources compound or compete against one another. Renewable generation may reach
highest output at periods of low demand, or their lowest output during periods of high demand.
Short-term electricity storage could provide load-leveling for short periods of time, storing
electricity for later use.
Further, momentary and hourly changes in renewable generation make it hard to maintain
electrical stability in the system when large quantities of these sources are installed. Sufficient
reserves must be maintained to meet electricity demand at all times, but these reserves - usually
fossil generation units - may displace renewable energy generation. Energy storage could help
maintain reliability and ensure that sufficient energy is produced to meet demand, while
minimizing the use of fossil fuel from traditional generation sources and providing carbon-free
spinning reserves.
This research characterizes wind and hydro generation patterns in the Azores. For example, in
Flores it was found that winter had highest renewable generation potential, but low electricity
demand, and that summer had the highest demand, but fairly low renewable energy potential.
This research then investigated the extent to which additional renewable capacity could be added
to the Flores electricity system and the impact of energy storage on achieving higher renewable
energy penetration. It was found that adding additional renewable capacity always increased the
amount of renewable energy generation and reduced average annual production costs. Adding
storage to the system increased renewable energy generation by 10% and reduced annual
production costs by 16%. In addition, storage in amounts greater than 1 MWh had diminishing
returns, and the largest benefit of energy storage was its ability to act as a spinning reserve,
allowing diesel units to turn off.
Thesis Supervisor: Stephen R Connors
Director, Analysis Group for Regional Energy Alternatives, MIT Energy Initiative
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CHAPTER 1: ACHIEVING HIGH RENEWABLE ENERGY PENETRATION IN THE AzoREs
Electric power generation utilizes a tremendous amount of fossil fuels. They are expensive,
pollute, and often must be imported and shipped to their final destination. As fossil fuel prices
continue to increase, fuel security and independence from foreign nations becomes a concern,
and reducing greenhouse gas emissions become increasingly more important, countries around
the world are increasing their use of renewable energy sources to generate electricity. Renewable
energy generation reduces overall greenhouse gas emissions by reducing the burning of fossil
fuels, and allows countries to better source electricity generation within their borders.
Renewable electricity comes in many forms, including geothermal energy, hydro energy, solar
photovoltaics (PVs), and wind energy. Geothermal energy provides a steady source of renewable
energy, but plants must remain at a relatively constant production level, and are limited to
locations where geologic conditions are suitable for utilizing heat within the ground for energy.
Hydro energy utilizes water running through dams or streams to generate electricity. Hydro
energy utilizing dams may used with or without pumping. Hydro from a reservoir, or dam, offers
flexible operation, allowing output levels to be changed depending on electricity demand. Hydro
pumping storage systems allow year-round operation of the system, in comparison to dams
which are river-fed and depend upon seasonal rainfall. Run-of-the-river hydro generation, in
contrast, utilizes natural flows of water without storage. Output cannot be ramped up or down to
meet demand; rather, the output of thermal generators must be ramped to compensate for supply
fluctuations.
Solar PV and wind are both highly variable. Generation output from wind energy, for example, is
hard to predict due to changing wind and weather patterns. Low capacity installation of
intermittent sources such as wind and solar PV can be installed fairly easily across a wide
geographic region, because differences in weather patterns across a large geographical area
dampens the impacts of their intermittency and fluctuations. Installation on small islands is much
more difficult because of the non-varied weather patterns experienced on islands. Islands
therefore provide a unique operation and planning challenge for obtaining a high renewable
generation portfolio, due to the small sizes and independence of their electric grids. The size of
the Azores, and its abundance of renewable resources, provides the perfect opportunity to test the
limits of renewable energy penetration.
1.1 Islands as a Unique Challenge in Renewable Energy Integration
Islands, particularly small islands, pose a unique integration challenge. In large electricity
systems, fluctuations in intermittent energy resources such as wind are small in comparison to
the overall energy produced. In addition, renewable energy is dispersed geographically in large
systems, allowing differences in production levels among locations to balance one another. As a
result, renewable sources become easier to assimilate as the area they are spread across increases.
In contrast, renewable energy sources on islands are concentrated over a small area. The same
gust of wind impacts most or all of the wind turbines in the same way, and the same cloud may
suddenly decrease all PV output. Without the natural balancing that occurs in large systems, the
system becomes very susceptible to changing weather patterns and storms, which may
significantly increase or decrease power output unexpectedly.
Integrating renewables into an energy system reduces the robustness of the system, and this
result is amplified on small, independent grids. Ramp times of generators on islands are critical
for balancing renewable energy sources. In large grid systems, diesel, oil, and gas units are used
primarily as peaking units because they can quickly turn on and off or ramp up and down to meet
demand fluctuations. Coal and nuclear, in comparison, are mostly used to supply baseload
energy because they are large, have a long start-up and shut-down time, and do not ramp quickly.
Islands are often too small for these larger-sized plants. In addition, demand fluctuations on
islands are typically greater than in larger systems, necessitating the use of technologies that can
ramp quickly to maintain system balance. As a result, diesel and fuel oil plants are often used to
provide both baseload and peaking energy needs on islands. Intermittent renewables help meet
electricity demand, but intermittency and quick fluctuations in energy output necessitate pairing
with technologies that can ramp quickly. Diesel and fuel oil plants are good for meeting this
challenge. Pumped storage can also assist with meeting these fluctuations, where available.
1.2 Welcome to the Azores
1.2.1 Overview
The Azores, Portugal, is a small archipelago consisting of nine separate islands. Situated between
the United States and mainland Portugal, the Azores sits on the Mid-Atlantic Ridge in the
Atlantic Ocean. The nine islands are clustered into three main groups - the Eastern Group - Sao
Miquel and Santa Maria - the Central Group - Graciosa, Terceira, Sio Jorge, Pico, and Faial -
and the Western Group - Corvo and Flores (Portugal Online Corp., 1996-2010 ). Figure 1,
below, shows the geography of the Azores islands.
Figure 1: Geography of the Azores, Portugal
(Magellan GeographixSM, 1995)
In 2007, the total population of the region was 244,000 people. More than half of the population,
just over 133,000 people, resides on the island of Sio Miguel, making it not only the largest
island in the region but also the most densely populated. Refer to Table 1 for a list of the nine
islands in the Azores, listed by decreasing population.
Island Land Area (km2) Population (2007) Population Density Percent of(pp) (2007) (pp/km2) Population
Sio Miguel 744.6 133,281 179.0 55%
Terceira 400.3 55,844 139.5 23%
Faial 173.1 15,527 89.7 6%
Pico 444.8 14,840 33.4 6%
Sio Jorge 243.7 9,492 38.9 4%
Santa Maria 96.9 5,565 57.4 2%
Graciosa 60.7 4,879 80.4 2%
Flores 141.0 4,099 29.1 2%
Corvo 17.1 479 28.0 0%
Total Azores 2,322.2 244,006 105.1 100%
Table 1: The Nine Islands of the Azores, by Population
(Os Agores em Numeros 2007)
The Azores region enjoys a relatively mild climate, with average temperatures ranging from 13
degrees Celsius in the winter to 20 degrees Celsius in the summer. The coldest months are
January, February, and March, while the warmest months are July, August, and September. The
islands experience year-round moderate rainfall, ranging from 2.3 cm in June to 10.7 cm in
January and November. The wettest months are November, December, and January, while the
driest months are June, July, and August. Exact weather patterns vary among islands. Table 2
shows temperate and precipitation data for Ponta Delgada, Sio Miguel, Azores.
Average I C 13| temperature I I 13 13 15 15 17 20 20 20 17 15 15 151IAverage
precipitation cm 1 10.7 9.1 8.9 6.3 5.8 3.8 2.3 3.6 7.4 9.4 10.7 10 88.1
Table 2: Average Temperature and Precipitation in Ponta Delgada, Sio Miguel, Azores, Portugal
(Weather report and forecast for Ponta Delgada, Azores)
1.2.2 Electric Energy Generation
Geographical separation between islands requires that each island maintain an individual electric
grid. Electricity on the Azores is generated through a combination of fuel oil and diesel fuel fired
generators and renewable energy sources. The local utility in the Azores is Electricidade dos
Agores (EDA).
The Azores possesses a great amount of renewable energy potential due to its geographical
characteristics and its abundance of rainfall, sunlight, wind, tidal, and ocean current resources.
Each island has a different generation profile based upon unique characteristics that make each
island suitable for some renewable energy technologies but not for others. Table 3 shows
installed generation capacity by island, and Table 4 shows net planned capacity increases.
Existing Generation (MW)
(End 2008) Diesel/Fuel Geothermal Wind Hydro Biomass Total Notes
So Miguel 98.1 27.8 0.0 5.0 0.8 131.7 Wind - 10 x 900 kw (end 2011)
Terceira 67.6 0.0 4.5 1.4 0.0 73.5 Wind - 5 x 900 kw
Faial 17.0 0.0 1.8 0.3 0.0 19.1 Wind - 6 x 300 kw
Pico 13.4 0.0 1.8 0.0 0.0 15.2 Wind - 6 x 300 kw
So Jorge 7.0 0.0 1.2 0.0 0.0 8.2 Wind - 2 x 300, 1 x 150, 4 x 100 kw
Santa Maria 5.7 0.0 0.9 0.0 0.0 6.6 Wind - 3 x 300 kw
Graciosa 4.2 0.0 0.8 0.0 0.0 5.0 Wind - 2 x 300,2 x 100 kw
Flores 2.3 0.0 0.6 1.4 0.0 4.4 Wind - 2 x 300 kw
Corvo 1.0 0.0 0.0 0.0 0.0 1.0
All Azores 216.2 27.8 11.6 8.2 0.8 264.6
Table 3: 2008 Installed Generation Capacity, by Island
(INESC-PORTO, 2004), (www.eda.pt), (www.arena.com.pt), (EDA, Caracterizagio das redes de transporte e
distribuigio de energia eldctrica na Regiio Aut6noma dos Agores, 2005-2008),
(http://www.energiasrenovaveis.com/DetalheEstados.asp?ID_conteudo=26&IDarea=2&IDsub-area=37)
Updated per (Mendonca F. E., 2010)
Net Planned Capacity Expansion (MW)
(Start 2008) Diesel Geothermal Wind Hydro Biomass Total Notes
Sio Miguel 16.8 21.0 - 25 .0 9.00 46.8 -50.8 24 MW diesel; instead of 16.8 Capacity Expansion
Terceira 12.3 3.0 15.3 Geothermal is pending feasibility investigations
Faial 0.99 1.0 3.71 MW
Pico 3.4 0.66 4.0
Sio Jorge 3.2 0.99 0.98 5.2 3.2 MW Planned Unit Replacements
Santa Maria 0.66 0.7 4.5 MW Disel/fuel
Graciosa 0.66 0.7 0.81 MW
Flores 1.4 1.30 2.7 Diesel - 0.5 MW removed; 2 X 0.956 MW added
Corvo 0.2 0.2 1
All Azores 37.3 24.0 - 28.0 12.96 2.28 0.00 76.6 - 80.6 1__
Table 4: Planned Capacity Expansions on the Azores
(EDA, 2009), Updated per (Mendonca F. E., 2010)
The Azores has been using hydro generation and geothermal generation for over 20 years.
However, in recent years the use of renewable energy technologies has been growing.
Particularly, geothermal capacity on Sio Miguel increased in 2006, and wind energy installation
has increased regularly across most islands. Despite these increases, however, renewable energy
resources still only provide a small amount of the overall electricity generated in the region.
Figure 2 shows the increase of electricity production since 1994. Thermal energy, from diesel
and fuel oil sources, decreases noticeably in 2006 after additional geothermal capacity was
installed in Sio Miguel, but has been increasing since that time.
Azores Electricity Production by
Generation Type, 1994-2008
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Figure 2: Azores Electricity Production by Generation Type
Source: (EDA, Historic Generation Data)
1.3 The Target: 75% by 2018
Because of the high renewable energy potential of the Azores and the expense of importing fuel
to the islands, in 2008 the regional government set a goal for the islands that 75% of electricity
will be produced from renewable energy sources by the year 2018. Renewable sources are
already almost 80% of total installed generation capacity in the Azores, providing 21% of the
region's electricity. Figure 3 shows the percentage of installed generation capacity on each
island by source. Planned capacity increases will nearly double the installed capacity of
renewable sources. However, in order to meet the goal of 75% renewables, installed capacity of
renewable energy sources must surpass planned generation greatly.
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Figure 3: Sources of Electricity Capacity by Percent of Installation, 2008
Source: (EDA, Historic Generation Data)
Meeting the 75% target poses interesting challenges because potential changes to each island's
grid system must be analyzed carefully to determine impacts to overall grid operation. Due to
variability and unpredictability of some renewable energy resources, spinning reserves must be
utilized to supply energy needed during sudden dips in renewable electricity production.
However, the Azores also poses as a unique opportunity. Small grids allow different factors to be
analyzed independently, and for the impact of such things such as dips in renewable energy
generation to be quantified. In essence, the Azores provides a test bed for new technologies and
deployment methodologies.
To access the feasibility of 75% renewable energy penetration, this thesis analyzes renewable
energy resources on three different islands to see whether not these resources complement or
compete against one another. This thesis then investigates the quantity of hydro and wind
generation that can be installed on the island of Flores while meeting demand and without
wasting superfluous renewable energy resources. Analysis for different amounts of battery
storage, and its impact on the amount of renewables that can be installed is also performed.
CHAPTER 2: CHALLENGES AND SOLUTIONS IN RENEWABLE ENERGY PENETRATION
Achieving a high level of renewable penetration necessitates utilizing multiple types of
renewable energy resources. Each resource differs in the time in which its generation potential is
highest and lowest, potentially balancing one another if used together but also compounding the
effects of a single technology if used alone. Renewable resources also differ in the season in
which their peak capacity factors are achieved, so utilizing multiple technology types will help
smooth differences in total renewable energy generation between seasons.
The primary renewable energy sources utilized the Azores are wind, hydro, and geothermal. Of
these, geothermal is the only one that provides a steady and predictable source of power. Wind
and hydro generation patterns the Azores are discussed in detail in Chapter 3. In the future, it is
likely that solar PV, and potentially wave or tidal power, will also be utilized, although these are
not investigated in this research.
2.1 Obtaining a High Renewable Energy Portfolio
Many technical challenges are associated with a high penetration of renewable energy sources.
These are amplified in small systems, such as those found on islands. This section briefly
explains those issues and how they are impacted by small, independent grid systems.
2.1.1 General Issues with High Penetration of Renewables
Among the challenges associated with penetration of renewable energy sources are an increased
need for ramping, increasing the start-up and shut-down frequency of baseload sources, and
maintaining voltage and frequency stability.
2.1.1.1 The Intermittent and Unpredictable Nature of Renewable Energy Sources
Many renewable energy resources are intermittent in nature, making them challenging to
smoothly incorporate into the electric grid. Power generation from run-of-the-river hydro and
wind are often hard to predict, unreliable, and may fluctuate quickly, making it hard to match
aggregate electricity supply to demand; intermittency, and grid integration of these resources is
one of the largest challenges of renewable energy (Chen, Duic, Alves, & Carvalho, 2007). These
challenges are further discussed in Sections 2.1.1.2 through 2.1.1.4. Moreover, current
forecasting technology is not perfect and the possibility of errors must be taken into account by
system operators. The average forecasting error in a 24-hour forecast is 10-20% of installed wind
capacity (Wu & Hong, A literature review of wind forecasting technology in the world, 2007).
Errors in wind speed estimation are further amplified by the non-linearity of the wind power
curve between the cut-in speed and the rated wind speed of the wind turbine. As a result, it is
often difficult to predict generation levels from renewable sources, and other electricity sources
must be able to quickly compensate. The average error of demand forecasting, in comparison, is
only roughly 1.5% (Wu & Hong, A literature review of wind forecasting technology in the
world, 2007).
2.1.1.2 Required Flexibility of Baseload Technologies
Intermittency and unpredictability of renewables necessitates the presence of technologies that
can quickly ramp up or down. Technologies also must able to turn on and off at the rate which is
required to meet demand. Some fossil-based technologies, such as coal, take multiple hours to
start-up and shut-down and have limited ramping capability. Although coal makes a reliable
baseload technology, it is therefore not suited to be used to fill dips in renewable energy
generation. In comparison, diesel and natural gas generators are quick to turn off and on, and
ramp quickly. For this reason, they are used as peaking technologies even in the absence of
renewables.
Studies have shown that integration of renewables, particularly wind, necessitate that other
generation units operate more flexibly. In addition, reserves must be maintained to fulfill energy
requirements in times of sudden dips of renewable generation. As penetration of intermittent and
unpredictable sources increases, more spinning and non-spinning reserves are needed to
compensate for the loss in stable generation (Barth, Brand, Meibom, & Weber, A stochastic unit-
commitment model for the evaluation of the impacts of integration of large amounts of
intermittent wind power, 2006). As wind forecasting techniques are improved, the extent to
which units need to be operated with flexibility will decrease. Although high ramping rates will
still be required to compensate for fluctuations in renewable outputs, the need for reserves will
decrease (Wu & Hong, A literature review of wind forecasting technology in the world, 2007).
In many cases, surplus renewable energy must be spilled in order to meet demand without
supplying excess energy. One study found in large systems no excess electricity production
occurs for wind penetration levels up to 21% (Connoly, Lund, Mathiesen, & Leahy, 2010). After
the threshold 21% penetration is reached, excess production occurs, although increases are small
until roughly 50% penetration is reached. Beyond 50% penetration, the amount of energy that is
spilled increases substantially. The same study also found that the lowest fuel consumption
occurred around 36% renewable penetration (Connoly, Lund, Mathiesen, & Leahy, 2010).
2.1.1.3 Voltage and Frequency Concerns
Voltage and frequency control are a large issue associated with integration of renewable sources.
Voltage and frequency levels must remain steady to obtain high-quality electricity. Intermittent
renewables with continuously varying outputs affect these levels. One study found that on
islands the maximum power output from sources without frequency control is roughly 30%;
above this level, the grid becomes very unstable. As a result, wind can only contribute 10% to
15% of annual electricity. (Duic & Carvalho, Increasing renewable energy sources in island
energy supply: case study Porto Santo, 2004).
To increase this penetration rate, a few options may be taken. Allowing a lower quality of
electricity would allow up to 30% of electricity to be produced from wind, but the power quality
may be undesirable (Duic & Carvalho, Increasing renewable energy sources in island energy
supply: case study Porto Santo, 2004). Alternatively, frequency and voltage controls for
renewables may be installed. For wind, utilizing variable pitch wind turbines that are capable for
adjusting their output to meet the demand can significantly increase the amount of energy that
can be installed and delivered to customers. One study showed that such a method enables 100%
of wind-generated electricity to be delivered, although only 45% of the demand could be met
through wind due to its intermittent nature (Duic & Carvalho, Increasing renewable energy
sources in island energy supply: case study Porto Santo, 2004).
Voltage and frequency stability are not assessed in this work, but need to be investigated prior to
implementing higher levels of renewable energy.
2.1.1.4 Cost
Cost is often a barrier to high implementation of renewable energy technologies. Among the
largest expenses are transmission reinforcement, capital cost of equipment, and operating
expenses. For wind, curtailment of excess energy is often also a large expense. One study of
Ireland found that increasing wind penetration from 0 to 11.7% would increase the total
generation costs by almost 200 million Euros; however the study also showed that penetration of
up to 42% would reduce operation costs for the year 2010 (Connoly, Lund, Mathiesen, & Leahy,
2010). One reason for cost increases is increased costs of response units as they are operated
below their peak levels. In addition, fast response units may be required to help meet supply, and
such units are expensive. Capital costs of renewable energy sources themselves also contribute
significantly (Kamalinia & Shahidehpour, 2010). Wu and Hong found that at wind penetrations
up to 20% of peak demand, operating costs would increase due to variability and uncertainty.
However, as wind forecasting is improved, the effects on costs will not be severe, as less
reserves are needed (Wu & Hong, A literature review of wind forecasting technology in the
world, 2007).
Only operation, maintenance, and fuel costs were considered in this research, but capital costs
are discussed in Chapter 5.
2.1.2 Why Islands Exacerbate the Problems.. .And Make Perfect Test Beds
The problems associated with high renewable penetration levels in 2.1.1 are exacerbated in
island systems, particularly small ones with independent grids. Large electric grids, such as are
present in the United States and Europe, allow renewable sources to be balanced by a plethora of
generation units, and the large geographic distribution over which renewable energy sources are
distributed across these electric grids helps ensure that dips and changes in any single location
are balanced by generation in other locations. On islands, such fluctuations have a much greater
impact on aggregate supply, and many less generation units are available to balance these
fluctuations.
Many islands with a high penetration of renewable resources are connected to a larger grid via
cable (Rei, Fonseca, Duic, & da Graca Carvalho). These islands therefore do not experience the
problems discussed above. Islands not connected to a mainland grid find it much more difficult
to obtain a large renewable portfolio. However, it is for this exact reason that islands also make
wonderful test beds for renewable technologies and integration techniques; because they have
independent grid systems, they are easier to understand, model, and observe.
2.2 Strategies of other Island Communities
A handful of island communities have achieved high renewable energy penetration or have
performed studies investigating methods to increase renewable energy penetration, often with the
goal of 100% penetration. However, the majority of these communities met their goal of high
renewable penetration through the use of storage technologies or via connections to a larger grid,
options which are largely unavailable on the Azores.
2.2.1 Samsoe, Denmark
The island of Samsoe in Denmark has successful created a net-zero society; in fact, the island
produces more energy from renewable sources than it uses, and exports the remainder to
mainland Denmark via sub-ocean cable. The residents of Samsoe, a small island consisting of 22
villages, achieved this using a handful of technologies. The bulk of the accomplishment was
achieved via the installation of on-shore and off-shore wind farms. Onshore turbines are partially
owned by residents who make a profit from selling their electricity, giving residents a vested
interest in the success of renewable energy. This scheme makes it affordable for residents to
install wind turbines; the average pay-back time is roughly eight years. Offshore wind turbines
offset the continued use of fossil fuel on the island, mainly for transportation. Centralized heating
plants running on biomass help by providing carbon-free heat to homes. Solar panels provide an
additional source of electricity and hot water for these plants. In addition, most residents
replaced their furnaces with heat pumps to reduce oil use. The result: Samsoe generates roughly
10% more energy than it consumes, making it a leader in renewable energy penetration (Kolbert,
2008).
2.2.2 El Hierro, Canary Islands, Spain
El Hierro is the smallest Canary Island, covering 276 square kilometers. Isolated from the other
Canary Islands, it maintains its own electric grid, serving 10,000 inhabitants. The island has a
large renewable potential, but until a few years ago electricity from renewable energy sources
comprised less than 5% of total electricity generation, provided by two wind turbines. Since
then, El Hierro has adopted a goal of obtaining 100% of its electricity generation from renewable
energy sources and is working to achieve this goal. Several renewable energy sources will be
needed. A wind-hydro power station is being developed, with the goal of meeting 75% of
electricity demand through 30% wind generation and the remainder from hydro generation. The
station consists of a 11.32 MW hydropower station, a 6 MW pumping station, and 11.5 MW of
installed wind capacity. Hydro stored in the 150,000 cubic meter dam can meet 20 hours of
demand by itself. Three desalination plants help supply water to the pumped-hydro system
which is critical for the island's high renewable penetration. Other technologies being evaluated
include solar thermal energy, PVs for rooftops, and biofuels (ISLENET). Hydro generation and
pumped storage will nonetheless continue to play a crucial role in the success of El Hierro to
meet its 100% renewable goal, as the presence of pumped hydro allows the large wind-hydro
power station to operate successfully.
2.2.3 Porto Santo, Madeira, Portugal
The island of Porto Santo, Madeira, Portugal is attempting to obtain 100% of its electricity from
renewable sources. Due to tourism, population of the island fluctuates from 1,300 to 5,500
people, and sufficient renewable resources must be installed to handle these fluctuations. No grid
connection exists to other islands or mainland Portugal, and there is no potential for reversible
hydro on the island due to topology. As a result electricity must be derived from intermittent
renewable sources and fossil fuel only. In 2002, less than 8 % of electricity generation on the
island came from renewable resources, exclusively in the form of wind energy. The remainder
came from diesel and oil generators. Obtaining 30% of electricity from wind energy at any single
point in time is considered acceptable, but currently wind energy surpasses this threshold when
the wind generation is operating at full capacity and demand is low. If more than 50% wind
enters the system, it may shut down the entire power system. Finding a method to utilize this
Studies performed for the island investigated using hydrogen storage as a storage medium for the
island, particularly for converting excess wind or solar energy into hydrogen; it was found that
reversible hydro would be the best alternative, but that for this particular island hydrogen storage
is more promising. A series of studies found that hydrogen storage would allow peak shaving
and reduce diesel generator wear. In particular, storage which is designed for 6 hours of
operation is good for daily fluctuations, and would significantly increase renewable penetration.
However, this is expensive. For longer periods, 2-week hydrogen storage, in the form of fuel
cells, is needed to cover 100% of electricity demand. In addition, it was found that a wind and
solar mix is more effective than wind energy alone. The best combination of these technologies
depends upon the cost of hydrogen storage and the cost of solar PV panels. Using solar resources
for peak shaving reduces the need for hydrogen storage by 80%. The study also found that a
wind system is the most cost-effective method of achieving 100% renewable penetration (Duic,
Lerer, & Carvalho, Increasing the Supply of Renewable Energy Sources in Island Energy
Systems, 2003), (Duic & Carvalho, Increasing renewable energy sources in island energy supply:
case study Porto Santo, 2004).
2.2.4 Greek Islands of the South Aegean Sea
Many Greek islands in the South Aegean Sea were evaluated for application of renewable
resources, including wind energy, geothermal energy, biomass, solar PVs. Studies showed that
wind energy would be effective in the region due to the area's high wind potential. However, the
study also showed that installation of wind energy was not necessarily economically efficient
due to costs associated with installation, operation, and maintenance of the wind turbines
(Mihalakakou, Psiloglou, Santamouris, & Nomidis, 2002). It is likely that this result is
applicable to many island communities with high wind potential. Evaluation of geothermal
energy showed that it would be useful for heating purposes, especially in greenhouses, and that it
could result in an energy savings of up to 45%. Alternatively, use of biomass could result in a
fuel savings up to 50%. Solar energy was found to have a potential 60% energy savings in
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buildings and agricultural greenhouses, particularly when used for heating and cooling purposes.
The usefulness of PVs was found to be limited, because costs for installation will only be
recovered if prices are significantly reduced and the overall efficiency improved. Overall, the
study showed high renewable potential in these islands and recommended implementation of
these technologies (Mihalakakou, Psiloglou, Santamouris, & Nomidis, 2002).
2.2.5 Other Island Communities
In addition to the above examples, many other island communities are implementing renewable
energy in an effort to become more sustainable and reduce fuel oil imports. Notable among these
are the islands of Gotland, Sweden, Aero Island, Denmark, and Bornholm, Denmark. These
communities achieve their goal partially through the use of district heating systems. Other island
communities are not discussed in detail in this thesis either because they are repetitive of the
islands discussed above, because renewable penetration is not yet widespread, or because the
methods are not relevant to this research.
In Gotland, an island of roughly 60,000, district heating in each city provides heat to residences;
95% of the heat is generated from non-carbon fuels. In addition, work is being done to reduce
energy consumption of the local cement factory, one of the largest in Europe. The island is
working to substitute coal with renewable energy sources, to lower the overall energy
consumption of the plant, and to increase the material recycling rate (ISLENET).
The small Danish island of Aero Island is also working to achieve 80-100% renewable energy.
District heating plants partially powered by solar energy provide heating to a large fraction of the
island's 7,000 people; solar energy provides one-third of the output of the district heating plant in
Marstal, the largest plant of its kind in the world in 2008. In addition to these heating plants,
three large windmills provide roughly 50% of the islands energy supply. As a result of these
implementations, the island raised its renewable energy penetration for electricity and heating
from 40% in 2002 to 80% in 2008 (About Aero).
Bornholm in Denmark is another example of a Danish island with high renewable penetration.
The island of around 43,000 inhabitants is connected by cable to the Nordic electric grid,
providing the island roughly 60% of its electricity. The remaining 40% is produced on the island
from of wind generation, supplemented by power and heat production. Four district heating
systems provide more than 40% of homes with their heat, three of which use straw and one of
which uses coal and solid waste. Many homes not using district heating rely on wood chips and
firewood for heating fuel to supplement oil. Almost three dozen large wind turbines generate
roughly 20% of annual electricity demand. A large biogas plant and a number of small-scale
domestic heat units supplement these major sources (ISLENET).
2.2.6 Comparison of Island Community Strategies
None of the strategies discussed above can be directly applied to the Azores. Samsoe and
Bornholm achieved a high penetration with the assistance of a connection to the mainland grid,
which can provide energy when renewable generation on-island is insufficient, and can absorb
energy when excess energy is produced. The Azores does not have this luxury; not only is it not
connected to the mainland grid, no inter-connections exist between islands. Three communities
- Gotland, Aero Island, and Bornholm - achieved a high penetration rate with the assistance of
district heating systems serving a large fraction of residents. The Azores not have district
heating, and its temperate climate heating is not a large source of energy consumption on the
islands. El Hierro met its goal largely through the use of a wind-hydro power station, relying
heavily on pumped hydro. The Azores topology does not allow for hydro reservoirs on most of
the islands, let alone multiple reservoirs needed for hydro pumping. Evaluation of the Greek
Islands showed that geothermal energy could be used for heating. However, although
geothermal is utilized in Sio Miguel and is under evaluation for Terceira, many of the remaining
islands cannot support geothermal energy. Hydrogen storage, evaluated for Porto Santo, is
expensive and therefore an unlikely candidate for the Azores.
Some strategies are, however, applicable to the Azores, but these are largely already being
utilized. Wind energy, utilized in all the previously discussed communities except Gotland, is
already used on the majority of the Azores' islands. Biomass is utilized to a small extent on Sio
Miguel, although future expansion is possible. Solar energy is not yet present on the islands,
although it should be evaluated for future energy installations.
Table 5 contains a summary of the strategies of other islands and their applicability to the
Azores.
n CApplicable to Comments forIsland Commuty Goal Primar Method the Azores? the Azores
Installation of large-scale wind NoSamsoe, Denmark Net-Zero Society farms; No grid connections
Connected to Mainland Grid
El Hierro, 100% of electricity Wind-hydro power station with No hydro pumping
ld, generation from pumped hydro; No possible;Canary slands, enerator Dam capable of meeting 20 hours of Many islands cannot
Spain renewable sources demand support dams
Porto Santo, 100% of electricity Wind and solar PV with hydrogen Yes Hydrogen storage is
Madeira, Portugal renerable so storage expensiverenewable sources
Combination of wind , geothermal Geothermal limited;Greek Islands of Installation of for heating; Partially Large-scale wind
South Agean Sea Renewable Sources biomass, and solar for heating and installation expensive
cooling
Gotland, Increase renewable District heating through non-carbon No No district heatingSweden energy penetration sources
Aero Island, 80%-100% renewable District heating partially through
Denmark energy for electricity solar energy; Partially No district heating
and heating Large windmills for electric energy
40% of electricity Wind energy;
Bornholm, generation from District heating and heating through Partially No grid connections;
Denmark renewable sources; biomass; No district heating
Biomass heating Connected to Nordic electric grid
Table 5: Summary of Other Island Commiunity Stategies for Achieving High Renewable
Penetration
2.3 Energy Storage to Achieve Higher Levels of Renewable Energy Penetration
Energy storage serves many purposes when used in tandem with the electric grid, including
allowing a greater penetration of renewable energy by providing frequency control and storing
excess energy for use at a later time. Using storage in this manner lessens ramping requirements,
and minimizes turning units on and off.
Storage can take the form of power storage and energy storage. Balancing power storage
provides short energy bursts which are needed to help with frequency control and system
regulation, helping smooth out short-term random fluctuations of electrical energy and lessening
or avoiding frequency regulation requirements at the main plants. Medium-term energy storage
mechanisms provide energy during momentary or hourly supply or demand fluctuations, helping
with peak shaving. Long-term energy storage provides needed electricity during periods of peak
demands or when renewable generation output decreases. It often stores excess energy generated
overnight, typically from nuclear or renewable plants, and uses it during daytime peak demand
periods. Some storage mechanisms can hold energy for days or weeks as needed. Storage is also
an effective spinning reserve, eliminating the need for generators to operate at minimum capacity
in case a quick energy supply is needed. Energy storage is also used for electric vehicles and
hybrid electric vehicles, although this is not discussed in detail in this work (Dell & Rand, 2001).
Storage mechanisms take many forms. Balancing power storage mechanisms include super-
capacitors, superconducting magnetic energy storage (SMES), and flywheels. Medium-term
storage mechanisms include various types of batteries. Long-term energy storage mechanisms
include pumped hydro, compressed air energy storage, and hydrogen. These are summarized in
Figure 4. The type of storage which is chosen depends upon the needs of the electric grid.
Storage Main Advantages Disadvantages Power Energy
Technologies (relative) (Relative) Application Application
Pumped High Capacity, Low Special Site
Storage Cost Requirement
CAES High Capacity, Low Special SiteCost Requirement,
Need Gas Fuel
Flow Batteries: High Capacity, Low Energy Density
PSB Independent Power
VRB and Energy Ratings
ZnBr
Metal-Air Very High Energy Electric Charging is
Density Difficult
NaS High Power & Energy Production Cost,
Densities, Safety Concerns
High Efficiency (addressed in
design)
Li-ion High Power & Energy High Production
Densities, High Cost,
Efficiency Requires Special
Charging Circuit
Ni-Cd High Power & Energy
Densities, Efficiency
Other Advanced High Power & Energy High Production
Batteries Densities, Cost
High Efficiency
Lead-Acid Low Capital Cost Limited Cycle Life
when Deeply
Discharged
Flywheels High Power Low Energy density Q
SMES, DSMES High Power Low Energy Density,
High Production
Cost
E.C. Capacitors Long Cycle Life, Low Energy Density
High Efficiency
Figure 4: Energy Storage Types
(Energy Storage Association, 2011)
Care must be taken to ensure the proper type of storage is utilized, because plants suited well for
one application may not perform well on another application. Larger plants have the ability to be
used at power settings below their design MW and discharge, leading to multiple uses of one
energy storage type (Schainker). Figure 5 summarizes the power and discharge time for various
electricity storage mechanisms.
System Ratings
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Figure 5: Power Ratings and Discharge Times for Various Electricity Storage Mechanisms
(Energy Storage Association, 2011)
2.3.1 Balancing Storage
2.3.1.1 Super-Capacitors
Super-capacitors are a series of double-layer capacitors connected to one another. Individual
cells hold a small amount of voltage, normally around 2 volts. Cells are connected in series to
form modules, which are connected to one another in parallel. The resulting unit typical ranges
from 200 to 400 volts (Carrasco, Bialasiewics, Cusisado, & Leon, 2006). Energy stored within a
cell is proportional to the square of the voltage (Schainker).
Super-conductors are good for applications requiring a discharge less than 100 kW (Carrasco,
Bialasiewics, Cusisado, & Leon, 2006). They provide pulsed power and have a very high
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storage efficiency of around 95%. Their ability to be cycled repeatedly without much loss of
capacity leads to a long life cycle. They can be used in hybrid energy systems to compliment
batteries; however, they are not an alternative to batteries (Hall & Bain, 2008). Recent trends
integrate super-conductors with other storage technologies, and use them to provide power
during peak demand (Carrasco, Bialasiewics, Cusisado, & Leon, 2006).
2.3.1.2 Superconducting Magnetic Energy Storage (SMES)
Superconducting magnetic energy storage utilizes energy stored in a magnetic field of
superconducting wire coils. Power is extracted from a current generated using the energy stored
in the field (Carrasco, Bialasiewics, Cusisado, & Leon, 2006). Energy stored in the SMES is
proportional to square the DC current within the coil (Schainker). There are two configurations:
solenoid, and toroid. Toroidal configurations have a minimum external magnetic field, but have a
much higher cost due to the extreme refrigeration needed to keep the wire coil cool (Carrasco,
Bialasiewics, Cusisado, & Leon, 2006).
A strong advantage of SMES is the ability to release large amounts of power within fractions of
a second (Carrasco, Bialasiewics, Cusisado, & Leon, 2006). Moreover, a SMES can switch from
charging to discharging within 17 milliseconds. These qualities make it able to help maintain
power quality and overall electrical system reliability (Schainker). One major disadvantage of
this type of storage is that the SMES must be kept refrigerated to low temperatures to maintain
the superconducting properties of the wire (Schainker), (Hall & Bain, 2008).
Superconducting magnetic energy storage is roughly 98% efficient (Schainker). The magnetic
field results in minimal losses because resistance to electron flow is absent. It produces good
power quality and is good for high-powered devices (Hall & Bain, 2008).
2.3.1.3 Flywheels
Flywheels store kinetic energy in large, spinning disks. Traditional flywheels, used for over 20
years, use low-speed steel rotors, while newer, high-speed flywheels may use composite wheels
with a higher energy and power density (Carrasco, Bialasiewics, Cusisado, & Leon, 2006). The
energy stored in a disk is proportional to the wheel's speed, and the newer composite flywheels
have the benefit of increased speed at a reduced size, making them lighter and cheaper
(Schainker).
The kinetic energy and rotating inertia of the disk protects against short power interruptions.
They can also supply energy during small, short energy dips (Carrasco, Bialasiewics, Cusisado,
& Leon, 2006). Flywheels are successful in frequency management, and can be particularly
useful in smoothing disturbances resulting for renewable energy penetration. However, prices
remain high (Hall & Bain, 2008).
Flywheels are 80% to 85% efficient, depending upon operational conditions and cycling
frequency. Small flywheels can provide between 1 KW of power for up to 3 hours and 100kW of
power for 30 seconds. Larger flywheels under development are expected to provide up to 250
kW for 10 to 15 minutes (Schainker).
Unlike super-capacitors and SMES, flywheels can provide both short-term power and medium-
term storage (Energy Storage Association, 2011).
Flores utilizes small flywheels which are able to provide 35 seconds of full power to the system
(Mendonca F. E., 2010). This research considers hourly generation, and these flywheels are not
included due to their smaller time scale.
2.3.2 Medium-Term Storage
2.3.2.1 Battery Storage
Batteries are a common method of storage. Batteries act as a constant voltage source and
quickly charge or discharge as needed, although the discharge rate is limited by the chemical
properties of the battery used (Carrasco, Bialasiewics, Cusisado, & Leon, 2006). Responses can
be as quick as 20 milliseconds (Schainker).
Many different types of batteries exist, each with their own benefits. In general, they are all quiet
and non-polluting (Schainker). The most commonly used are lead acid, lithium, and nickel
(Carrasco, Bialasiewics, Cusisado, & Leon, 2006). These are described below.
Lead Acid
Lead acid batteries are one of the most common battery types. They are often used for wind and
solar energy applications due to their relatively low cost and their availability in a range of sizes
(Dell & Rand, 2001). Efficiency is around 63% (Barton & Infield, Energy Storage and Its Use
with Intermittent Renewable Energy, 2004).
Lithium Ion
Lithium batteries are rechargeable and have been used as a prototype power source in electric
vehicles for over a decade (Dell & Rand, 2001). Efficiency is near 100%. However, lithium ion
battery costs are very high, and lifetime is negatively impacted by deep discharging and cycling
(Hall & Bain, 2008).
Alkaline
Alkaline batteries come three main types: nickel-iron; nickel-cadmium; and nickel-metal-hydride
system. Nickel-iron batteries have a very low efficiency, and the electrode is subject to corrosion
and self-discharge. Nickel-cadmium is used for mobile applications. It has better performance
than lead-acid batteries at low temperatures, but is ten times as expensive (Dell & Rand, 2001).
Both types are roughly 72% efficient (Barton & Infield, Energy Storage and Its Use with
Intermittent Renewable Energy, 2004) They are also expensive, and have not experienced much
commercial success. Nickel-metal-hydride system batteries, in comparison, are widespread in
cell phones and other electronic devices, and are used for prototype electric vehicles. However,
they are even more expensive than nickel-cadmium batteries (Dell & Rand, 2001).
2.3.3 Long-Term Energy Storage
2.3.3.1 Hydrogen and Fuel Cells
Hydrogen is a commonly discussed storage medium for renewable energy integration. It is
compressed and sometimes liquefied for storage in tanks under pressure. It is then often utilized
in fuel cells (Carrasco, Bialasiewics, Cusisado, & Leon, 2006). Fuel cells are used for
electricity, combined heating and cooling, and for transportation, particularly electric vehicles
(Chen, Duic, Alves, & Carvalho, 2007). When used as storage or in tandem with the electric
grid, they improve overall electricity quality via smoothing quick fluctuations, such as those that
are experienced with wind energy. For this reason, fuel cells are often considered a high-quality
back-up for the grid (Carrasco, Bialasiewics, Cusisado, & Leon, 2006). Hydrogen also exhibits a
large potential for seasonal storage, storing excess energy from one season for use in another
(Vosen & Keller, 1999). One long-term vision for hydrogen storage is to produce hydrogen
from electrolysis of water using off-peak renewable or nuclear energy, which can then be utilized
during peak demand or during high levels of fluctuations (Schainker).
Mechanisms which produce hydrogen are roughly 50%-60% efficient (Duic & Carvalho,
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However, this number may be higher in new plants (Carrasco, Bialasiewics, Cusisado, & Leon,
2006).
Advantages of hydrogen are that it is storable, clean, and easily transportable, although prices
remain relatively high. In addition, fuel cells boast well-established characteristics, such as low
noise and low vibration, making them desirable in many situations (Carrasco, Bialasiewics,
Cusisado, & Leon, 2006).
In comparison, flow batteries use reactive chemicals stored in tanks to provide a source of energy
to an electrochemical unit, similar to a fuel cell. However, unlike a fuel cell, flow batteries are
electrically rechargeable (Dell & Rand, 2001). Such batteries range from 75% to 85% efficient,
but have high capital and operating costs (Hall & Bain, 2008). The most promising type of
regenerative fuel cell is the Regenesys, which can be used for load leveling electrical energy;
however, cost and performance must first be determined acceptable (Dell & Rand, 2001).
2.3.3.2 Pumped Hydro
Pumped hydro utilizes a series of two or more reservoirs connected via a hydroelectric plant.
During periods of high demand, water stored in the upper reservoir is sent though the
hydroelectric plant to the lower reservoir, providing needed power. During low demand periods,
surplus energy is used to pump the water back to the upper reservoir. This method of storage has
been successfully used for over 70 years (Schainker).
Pump hydro is constrained by space requirements, limiting its availability. Significant land area
is needed to host the reservoirs, and proper geology is needed (Carrasco, Bialasiewics, Cusisado,
& Leon, 2006). A typical efficiency is 75%, with plants ranging from 30 MW to 350 MW
(Carrasco, Bialasiewics, Cusisado, & Leon, 2006). Current costs are around $100 per kW.
Underground pumped hydro is much more flexible, but is significantly more expensive
(Schainker).
The Azores cannot support pumped hydro; geology makes most of the islands unsuitable for
even a single large hydro dam, let alone the secondary reservoir needed for pumped storage.
However a single dam is present on Flores, providing enough water storage to generate five to
six MWh of electricity (Mendonca F. , 2011).
2.3.3.3 Compressed Air Energy Storage
Compressed air energy storage utilizes compressed air stored underground in natural or man-
made caverns to provide energy. During off-peak periods, air is compressed and pumped into a
cavern. During peak loads, the air is released to a combustor, where it mixes with oil or gas to
drive a turbine.
Plants utilizing compressed air energy storage are 100 MW to 300 MW in size, and burn two-
thirds less fuel than conventional combustion turbines (Carrasco, Bialasiewics, Cusisado, &
Leon, 2006). Typical efficiencies are around 85%. Building cost is roughly $400 per kW, based
on a plant in Germany that has been in operation since 1991 (Schainker).
2.4 Choosing the Appropriate Storage Type
The best type of storage depends upon the needs of the system and the cost savings provided by
the storage. Medium-term storage that only generates enough electricity to meet one hour worth
of demand offers small increases in the amount of renewable energy that can be absorbed by the
network. However, it may be useful for momentary fluctuations of intermittent sources, allowing
a higher level of renewable resources to be installed and utilized without exceeding voltage
limits of the system. One study evaluating storage types found that a flywheel is the cheapest
alternative both for 10-minute storage and for hourly storage; use of a flywheel allowed 10%
more renewable energy to be absorbed into the network, and seemed to be economically justified
(Barton & Infield, Energy Storage and Its use with Intermittent Renewable Energy, 2004).
Batteries are also good for hourly storage, although economics depend on the type chosen
(Vosen & Keller, 1999).
In comparison, the benefits associated with long-term storage providing multiple hour or days of
generation capability are greater, but the storage is significantly more expensive (Barton &
Infield, Energy Storage and Its use with Intermittent Renewable Energy, 2004). One study found
the cheapest daily storage is through a Regenesys plant. Redox flow cells allow up to 25% more
wind energy to be absorbed and provide storage greater than one day. However, this is not
economically justified (Barton & Infield, Energy Storage and Its use with Intermittent
Renewable Energy, 2004). Seasonal storage can be achieved through hydrogen storage, storing
excess energy from one season for use later (Vosen & Keller, 1999). However, prices are high
(Carrasco, Bialasiewics, Cusisado, & Leon, 2006).
Capital costs per unit of power and per unit of energy are shown in Figure 6. These are very high
for some storage forms, and capital costs of storage must be balanced against the value of
storage. The value of storage directly depends upon the time variation in electricity cost (Barton
& Infield, Energy Storage and Its use with Intermittent Renewable Energy, 2004). Although this
research does not consider time variation of electricity price, cost savings through displaced fuel
are directly used to determine the value of storage in the system.
Figure 6: Capital Costs for Electricity Storage Mechanisms
(Energy Storage Association, 2011)
2.5 Applicability to the Azores
Most islands with high penetration of renewable energy have some form of storage or are
connected to the mainland grid. These help to balance renewable energy during low periods, and
absorb excess energy during period of high renewable energy. With the exception of small hydro
dam in Flores, the Azores has neither of these capabilities.
Storage on the Azores is crucial for increasing renewable penetration, particularly for higher
penetrations of wind and run-of-river hydro generation. Balancing storage may help reduce the
frequency fluctuations resulting for intermittent levels of renewable generation. Hourly storage
may allow installation of more renewable generation by smoothing minute or hourly output
variations. Seasonal storage may reduce the total number of turbines that need to be installed by
High Power
SE.C. Capacitors
a. 6
40. Loguato
U Better for UPS & Power
Quality Applications
100 300 1,000 3,000 10,000
Capital Cost per Unit Power - $/kW
storing excess energy in one reason for seasons with lower potential, although the expense may
not be justified.
This research explicitly investigates the benefits and cost savings to the Azores of varying
amounts of battery storage for different renewable energy penetration levels. It considers only
production costs to determine annual savings. Battery storage was chosen because it provides
short-term energy storage over a number of minutes or hours. In addition, batteries have an
acceptable efficiency and price tag, and smaller modules can be added into the system on an as-
needed basis, providing flexibility. The annual savings from storage is taken to be the equivalent
of the annual willingness to pay (WTP) for such a system. The island of Flores is investigated for
this purpose.
CHAPTER 3: RENEWABLE ENERGY PATTERNS ACROSS THE ISLANDS
Each of the nine islands of the Azores has a unique portfolio of renewable energy potential and
generation. In addition to thermal generators that generate the majority of archipelago's
electricity, various amounts of wind turbines, hydro generators, and geothermal plants provide
electricity from renewable energy sources. Additional units are scheduled to be built in the
region to increase penetration levels. Refer to Appendix A.
The geology of many of the islands makes them unsuitable for geothermal plants. In comparison,
all islands have wind potential, although output is often unreliable and somewhat unpredictable.
Technical issues surrounding the installation of wind turbines prevent their use in Corvo, the
smallest Azorean island (Mendonca F. E., 2010). Over half of the islands either utilize or plan to
utilize hydro energy. However, due to island geography preventing dam installation, most of
these islands must use run-of-the-river hydro exclusively.
With the exception of geothermal plants which continuously generate a steady amount of
electricity, renewable energy resources have hourly, diurnal, and seaonal patterns which must be
considered when planning additional generation. Individual patterns not only vary across
islands, but also within the island based on geographical location of the resource. These patterns
play a crucial role when determining the extent to which renewable energy generation can
supplement diesel generators. For example, when high wind potential occurs at the same time as
peak demand, wind energy can be utilized to help supply peak power and potentially replace
diesel generation; however, when high wind levels occur when demand is low, the potential for
additional generation is minimized.
The island of Flores was analyzed to determine the extent to which additional renewable energy
can be utilized to generate electricity and replace fossil fuels. It is a small island with a
population of 4,000, and currently 48% of generation is from renewable sources. The island has
a combination of stochastic renewable energy sources consisting of wind and hydro generation.
In addition, it utilizes a combination of stored hydro and run-of-the-river hydro. This case study
provides an opportunity to evaluate additional potential on an island that already generates
almost 50% of its electricity from renewable sources.
3.1 Wind and Hydrothermal Characterization Across the Azores
Wind and hydro energy are the two predominant, intermittent renewable resources currently
utilized on the Azores; geothermal is also heavily utilized in Sao Miguel as a baseload
technology. Three of the nine islands of the Azores use wind and hydro as their only source of
renewable power. These islands are Faial and Terceira, which utilize wind and run-of-the-river
hydro, and Flores, which utilizes wind and a combination of stored hydro and run-of-the-river
hydro.
The purpose of characterizing these resources is to determine when their potential is highest and
lowest. Diurnal patterns are important to determine if these renewable resources match
electricity demand during the day. Seasonal patterns are important to discern if one season has
very high resources and another very low resources, and whether or not this matches demand.
The end goal of this characterization is to determine if these two resources can be used in tandem
to balance one another, either during the day or during different seasons, or if they display
similar patterns and will compete against one another. Ultimately, this will help determine
whether or not additional resources can be used to help meet demand and to displace fossil fuel
sources, or if adding additional resources will produce surplus generation during some periods,
and not enough generation during other periods. Patterns occurring at a time scale smaller than
one hour were not investigated due to limited data availability.
Demand was taken as the aggregate of all generation supply. Transmission and distribution
losses were ignored. For purposes of supply meeting demand, this is assumption is robust
because the aggregate generation takes into account these losses.
Actual hydro generation is assumed to be the same as potential generation. In Faial and Terceira,
there is little or no need to spill excess water; generation demands far exceed the installed
capacity of renewable resources. In Flores, although a much higher amount of renewable
capacity is installed, the presence of a small dam likely helps hold any access water for times
when it can be utilized.
Wind generation and wind speed were both analyzed to determine if wind generation could be
equated to wind potential. The patterns were compared to see if wind generation patterns
mirrored wind speed patterns.
To aid in visual comparison, 8760 graphs have been generated for each island. These graphs
show hourly values over a year-long period by arranging hours of the day on the x-axis and days
of the year on the y-axis. Seasonal and hourly patterns are easily observed using this method.
An 8760 graph with normalized data demonstrates year-long generation by the hour. Demand
data have been normalized by dividing the generation over each hour by the highest generation
value in the year. Reds show highest generation, followed by yellows. Grays, purples, and blues
show the lowest generation. A similar technique was used for wind and hydro generation, but
each hourly generation values were divided by installed capacity. The 8760s for these resources
demonstrate hourly capacity factors over a time period of one year. Graphs for all islands,
inclusive of those presented below, are in Appendix B for years 2006 through 2009.
3.1.1 Faial Wind and Hydro Resources
Faial is the third most populous island on the Azores, and the fifth largest. Installed electric
generation sources include 17.0 MW of diesel generators, six 300-MW wind turbines, and 0.3
MW of hydro generators. In addition, EDA plans to install 0.99 MW of additional wind capacity
on the island by the end of 2011. Wind turbines are turned off at night between 2:00 and 8:00
due to their proximity to residences; in the future, the turbines will be moved to a different
location where they can be run all day without disturbing neighbors (Mendonca F. E., 2010).
Hydro storage does not exist on the island, and consequently electricity generation from hydro is
entirely run-of-the-river, directly dependent on time and quantity of rainfall and on hydrology.
3.1.1.1 Faial 2008 Demand Patterns
Faial has clear diurnal demand patterns which vary by season. The highest demand for
electricity occurs after sunset in the wintertime, and during mid-day in the summertime. Very
low demand occurs during the early morning hours throughout the year, although there is slightly
higher early-morning demand during the summertime. Table 6 provides normalized demand data
in six-hour intervals for each season. It can clearly be seen that the highest demand occurs in the
summertime, and the lowest occurs in the spring. During fall, winter, and spring, the highest
demand occurs between 18:00 and 24:00, while in the summer it occurs between 12:00 and
18:00. The peak demand during the year occurs in the summer between 12:00 and 18:00, and
the lowest occurs in the winter and spring between 0:00 and 6:00.
Load (kW) Normalized Value
Max 10,392 1.00
Min 2,301 0.22
Mean 6,121 0.59
Season 0:00-6:00 6:00-12:00 12:00-18:00 18:00-24:00 Overall
Winter 0.46 0.55 0.62 0.70 0.58
Spring 0.46 0.54 0.61 0.62 0.56
Summer 0.52 0.60 0.71 0.67 0.62
Fall 0.48 0.58 0.65 0.68 0.60
Overall 0.48 0.57 0.65 0.67 0.59
Table 6: Faial 2008 Normalized Average Demand by Season and Time of Day
3.1.1.2 Faial 2008 Wind Patterns
Faial wind generation patterns display a clear seasonal pattern. Wind generation is highest in the
winter, closely followed by the fall. It is lowest in the summer. The hours of 12:00 through 18:00
experience the most wind generation during all seasons. This is closely followed by wind
generation during the hours of 18:00 through 24:00 during winter and fall. Spring and summer
both also experience less generation between 18:00 through 24:00, although there is a greater
difference in these seasons from the 12:00 through 18:00 period. In all seasons, the hours of 0:00
through 6:00 experience the least generation, although this is largely due to the turbines being
turned off from 2:00 until 8:00. Refer to Table 7.
Season 0:00-6:00 6:00-12:00 12:00-18:00 18:00-24:00 Overall
Winter 0.08 0.19 0.31 0.30 0.22
Spring 0.05 0.12 0.21 0.18 0.14
Summer 0.03 0.09 0.20 0.13 0.11
Fall 0.08 0.18 0.28 0.27 0.20
Overall 0.06 0.15 0.25 0.22 0.17
Table 7: Faial 2008 Average Wind Capacity Factor by Season and Time of Day
The values discussed take into account the overnight shutdown of wind turbines, which lower the
capacity factors of the turbines. To better understand Faial wind patterns, wind generation was
analyzed again disregarding the hours between 2:00 and 8:00.
Disregarding the hours the turbines are turned off, Faial still exhibits the strong seasonal patterns
discussed earlier. The primary difference with the new results is that the hours of 0:00 through
2:00 and 6:00 through 12:00 experience roughly identical generation, with values slightly higher
in the early morning during the spring and fall and in the late morning during the summer. Refer
to Table 8.
Wind speed has seasonal and hourly patterns somewhat similar to wind capacity factor. Winter
experiences the highest wind speed during any hour, mirroring the high wind generation patterns
during that season. Summer experiences the lowest wind speeds for any hour, also mirroring the
generation patterns. However, while spring sees much less wind generation than fall, wind speed
values are consistently slightly higher in the spring than in the fall.
Wind Output (kW) Capacity Factor
Max 1,795 1.00
Min 0 0.00
Mean 305 0.17
Season 0:00-2:00 6:00-12:00 12:00-18:00 18:00-24:00 overall
Winter 0.23 0.23 0.31 0.30 0.27
Spring 0.16 0.15 0.21 0.18 0.17
Summer 0.10 0.11 0.20 0.13 0.13
Fall 0.25 0.22 0.28 0.27 0.25
Overall 0.18 0.18 0.25 0.22 0.21
Table 8: Faial 2008 Average Wind Capacity Factor by Season and Time of Day, Disregarding
Overnight Turbine Shut-Down
During all seasons, hourly wind speeds remain, on average, roughly the same throughout the day,
with the highest values between 12:00 and 18:00 and the lowest between 0:00 and 6:00,
mirroring wind generation patterns. Refer to Table 9.
Season 0:00-6:00 6:00-12:00 12:00-18:00 18:00-24:001 Overall
Winter 0.23 0.25 0.26 0.24 0.24
Spring 0.18 0.20 0.22 0.20 0.20
Summer 0.13 0.14 0.17 0.14 0.14
Fall 0.18 0.19 0.20 0.19 0.19
Overall 0.18 0.19 0.21 0.19 0.19
Table 9: Faial 2008 Normalized Average Wind Speed by Season and Time of Day
3.1.1.3 Faial 2008 Hydro Patterns
Hydro generation in Faial demonstrates very clear seasonal patterns, with the capacity factor in
winter being almost twice as higher as any other season. Spring trails after winter, experiencing
Wind Output (kW) Capacity Factor
Max 1,795 1.00
Min 0 0.00
Mean 386 0.21
Speed (m/s) Normalized Value
Max 35 1.00
Min 0 0.00
Mean 7 0.20
roughly half as much generation. Summer and fall experience very little generation, sometimes
with long periods of time with zero hydro generation. Of these two seasons, summer experiences
the least generation, with a capacity factor of 0.05, followed closely by fall with a capacity factor
of 0.08. Refer to Table 10.
Small diurnal patterns exist uniformly across each of the four seasons. The hours of 0:00 through
6:00 experience the least generation, on average. This slowly increases during the day, and
reaches its peak between 18:00 through 24:00.
Hydro Output (kW) Capacity Factor
Max 300 1.00
Min 0 0.00
Mean 50 0.17
Season 0:00-6:00 6:00-12:00 12:00-18:00 18:00-24:00 Overall
Winter 0.31 0.35 0.35 0.41 0.36
Spring 0.14 0.17 0.20 0.24 0.19
Summer 0.03 0.05 0.05 0.05 0.05
Fall 0.07 0.05 0.08 0.10 0.08
Overall 0.14 0.16 0.17 0.20 0.17
Table 10: Faial 2008 Average Hydro Capacity Factor by Season and Time of Day
3.1.1.4 Comparing Faial Demand to Renewable Resources
Figure 7 shows how generation patterns for wind and hydro power compare to demand patterns
for the island. It is clear from this graph that demand is highest in the summer and after sunset in
the fall and winter. It is also clear that the summertime, which experiences high demand, has
very low renewable energy capacity factors, often with zero hydro generation. Winter, which has
fairly high demand occurring later in the day, has the best renewable resources. Spring, with the
lowest demand, has somewhat high renewable resources. Fall, with the second highest demand,
has average renewable resources.
0.85 0.95
0.9 0.9
0.85 0.85
0.75 0.75
0.7 0.7
0.6 0.5
0.55 0.55
0.5 05
0.45 0.45
0.4 0.4
0.35 0.35
0.3 0.3
0.25 0.25
02 0.2
0.15 0.15
0.1 0.1
0.05 0.05
0 0
4 8 12 16 20 24 4 8 12 16 20 24
Normalized Demand Wind Capacity Factor Hydro Capacity Factor
Figure 7: Faial 2008 Average Normalized Demand vs. Average Wind and Hydro Capacity Factors
3.1.2 Flores Wind and Hydro Resources
Flores is the second least populous island on the Azores, and the four smallest. In addition to 2.3
MW of diesel generation installed on the island, two 300-kW wind turbines are installed, and 1.4
MW of hydro capacity is installed. EDA plans to expand the existing hydro plant from 1.4 MW
to 1.6 MW in 2013. A new 1.1 MW plant will also be installed by the end of 2014 (Mendonca F.
E., 2010).
There is limited hydro storage on the island. One dam has the capacity to store water to produce
up to 1 MWh of electricity for six hours. Hydro storage exists of a single stream-fed dam; there
is no pumped hydro capability on the island. As a result, seasonal rainfall plays a large role in the
time and quantity of hydro power generation.
3.1.2.1 Flores 2008 Demand Patterns
Like Faial, demand patterns in Flores have clear diurnal patterns which vary during the year.
The highest demand for electricity occurs after sunset in the wintertime, and during mid-day in
the summertime. Very low demand occurs during the early morning hours throughout the year,
although there is slightly higher early-morning demand during the summertime. Table 11
provides normalized demand data in six-hour intervals for each season. It can clearly be seen
that the highest demand occurs in the summer and fall, closely followed by winter, and the
lowest occurs in the spring. During all seasons, the highest demand occurs between 18:00 and
24:00, and the lowest between 0:00 and 6:00. The peak demand during the year occurs in the
summer between 12:00 and 18:00, and the lowest occurs in the winter and spring between 0:00
and 6:00. Refer to Table 11.
Season 0:00-6:00 6:00-12:00 12:00-18:00 18:00-24:00 Overall
Winter 0.49 0.52 0.55 0.67 0.56
Spring 0.44 0.46 0.49 0.55 0.48
Summer 0.55 0.55 0.60 0.62 0.58
Fall 0.52 0.55 0.58 0.66 0.58
Overall 0.50 0.52 0.55 0.62 0.55
Table 11: Flores 2008 Normalized Average Demand by Season and Time of Day
3.1.2.2 Flores 2008 Wind Patterns
Flores wind patterns display a clear seasonal pattern. Wind is highest in the winter and fall, and
lowest in the spring. The hours of 18:00 through 24:00 experience the most wind generation
during all seasons except summer, which experiences its highest generation levels from 12:00
through 18:00. This is closely followed by wind generation during the hours of 12:00 through
18:00 during spring, summer, and fall. In winter, the hours of 18:00 through 24:00 experience
Load (kW) Normalized Value
Max 2,439 1.00
Min 425 0.17
Mean 1,337 0.55
generation levels only slightly smaller than those experienced between 12:00 and 18:00. In
winter and fall, the hours of 0:00 - 6:00 experience the least generation, and in spring and
summer the hours of 6:00 to 12:00 experience the least generation. Refer to Table 12.
Season 0:00-6:00 6:00-12:00 12:00-18:00 18:00-24:00 Overall
Winter 0.35 0.39 0.42 0.41 0.39
Spring 0.27 0.26 0.28 0.30 0.28
Summer 0.33 0.30 0.32 0.33 0.32
Fall 0.38 0.39 0.40 0.41 0.39
Overall 0.33 0.33 0.36 0.36 0.35
Table 12: Flores 2008 Average Wind Capacity Factor by Season and Time of Day
Wind speed has seasonal patterns somewhat similar to wind capacity factor, with little difference
in the average wind speed during the day for any season. Winter experiences the highest wind
speed during any hour, mirroring the high wind generation patterns during that season. However,
while fall also has the highest overall generation, tied with summer, wind speed is lower in the
fall than in the spring. Spring and summer seasonal wind speed patterns roughly match those of
wind generation, with lowest wind speed and lowest wind generation in the spring, and the
second lowest wind speed and generation in the summer. During all seasons, hourly wind speeds
remain roughly the same during the day, although the time of day during which average peak
wind speeds occurs varies depending on the season. These small differences in daily generation
are not matched by their seasonal generation patterns. Refer to Table 13.
Wind Output (kW) Capacity Factor
Max 600 1.00
Min 0 0.00
Mean 208 0.35
Season 0:00-6:00 6:00-12:00 12:00-18:00 18:00-24:00 overall
Winter 0.26 0.27 0.28 0.26 0.27
Spring 0.16 0.17 0.16 0.16 0.16
Summer 0.18 0.19 0.18 0.18 0.18
Fall 0.22 0.21 0.22 0.22 0.22
Overall 0.21 0.21 0.21 0.21 0.21
Table 13: Flores 2008 Normalized Average Wind Speed by Season and Time of Day
3.1.2.3 Flores 2008 Hydro Patterns
Hydro generation in Flores demonstrates very seasonal patterns, although not as pronounced as
in Faial. Winter experiences the highest generation of any season, and summer the lowest;
average summer generation is less than half of that experienced in winter. Spring has the next
highest generation after winter, although the difference is significant. Fall experiences the second
lowest generation, roughly in between spring and summer generation levels.
Small diurnal patterns exist uniformly across each of the four seasons. The hours of 0:00 through
6:00 experience the least average generation. This slowly increases during the day, and reaches
its peak between 18:00 through 24:00. This matches patterns that were experienced in Faial.
Refer to Table 14.
Speed (m/s) Normalized Value
Max 46 1.00
Min 0 0.00
Mean 9 0.21
Season__ 0:00-6:00 6:00-12:00 12:00-18:00 18:00-24: 001 Overall
Winter 0.40 0.41 0.42 0.44 0.42
Spring 0.29 0.31 0.31 0.33 0.31
Summer 0.16 0.18 0.20 0.20 0.18
Fall 0.21 0.23 0.25 0.26 0.24
Overall 0.26 0.28 0.29 0.31 0.29
Table 14: Flores 2008 Hydro Average Capacity Factor by Season and Time of Day
3.1.2.4 Comparing Flores Demand to Renewable Resources
Figure 8 shows how generation patterns for wind and hydro power compare to demand patterns
for the island. It is clear from this graph that demand is highest in the summer and after sunset in
the fall and winter. It is also clear that the summertime, which experiences high demand, has the
lowest renewable energy capacity factors. Fall, tied for highest demand, has average renewable
resources. Winter, which has the second lowest demand, has the best overall renewable
resources, far exceeding any other season in both wind and hydro generation. Spring, with the
lowest demand, has decent renewable resources.
It can be seen from the hydro capacity graph that hydro generation is often lowest during early
morning hours, when demand is also lowest. This is possibly due to the use of the dam to store
water during these periods of low demand, for use during higher demand periods. No such
patterns exist for wind generation.
Hydro Output (kW) Capacity Factor
Max 1,065 0.71
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Mean 429 0.29
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Figure 8: Flores 2008 Average Normalized Demand vs. Average Wind and Hydro Capacity Factors
3.1.3 Terceira Wind and Hydro Resources
Terceira is the third largest island and the second most populous. The majority of electricity
generation is supplied by diesel generators, supplemented by wind and hydro generation.
Currently, 67.6 MW of diesel generators, 4.5 MW of wind turbines, and 1.4 MW of hydro
generators are installed.
The five 900 kW wind turbines were installed partway through 2008. For this reason, 2008 wind
data is incomplete, and 2009 wind data was used. However, due to a large portion of hydro
generation missing from 2009, the hydro generation data and overall generation data is used
from 2008.
3.1.3.1 Terceira 2008 Demand Patterns
Demand for electricity varies little throughout the year in Terceira. In 2008, demand was highest
in the summer, followed closely by the fall and winter. While spring had the lowest demand, it
was only slightly less than other seasons.
Diurnal patterns are more pronounced. The morning hours of 0:00 through 6:00 experience the
least demand year-round. The hours of 6:00 through 12:00 experiences the second lowest
demand, although it is considerably higher than early morning demand. Peak demand occurs at
different times depending on the season. Winter experiences peak demand from 18:00 through
24:00, possibly due to an earlier sunset. Sununer, on the other hand, experiences the highest
average peak demand from 12:00 through 18:00. During the spring and fall, demand during
these hour brackets is tied, and is the highest of the day. Refer to Table 15.
Season 0:00-6:00 6:00-12:00 12:00-18:00 18:00-24:00 Overall
Winter 0.37 0.49 0.55 0.60 0.50
Spring 0.36 0.47 0.53 0.53 0.47
Summer 0.41 0.52 0.60 0.56 0.52
Fall 0.39 0.51 0.58 0.58 0.51
Overall 0.38 0.50 0.56 0.57 0.50
Table 15: Terceira 2008 Normalized Average Demand by Season and Time of Day
3.1.3.2 Terceira 2009 Wind Patterns
Unlike demand, seasonal differences in wind generation are significant. The highest wind
generation occurs in the winter, when the average capacity factor hovers around 0.5 throughout
the day. Springtime experiences the second highest wind generation, followed by the fall. The
least wind generation occurs in the summer.
Load (kW) Normalized Value
Max 49,050 1.00
Min 12,655 0.26
Mean 24,620 0.50
Diurnal wind generation patterns are small. They are weakest in the fall, when generation levels
remain almost constant throughout the day, dropping slightly at night between 18:00 and 24:00.
Winter also experiences relatively constant values throughout the day, although generation peaks
slightly from 12:00 to 18:00 and then troughs slightly between 18:00 and 24:00. Springtime
experiences its lowest generation levels from 0:00 to 6:00, which increases slightly until 12:00 to
18:00 where it remains constant for the remainder of the day. Summer, in constant, experiences
constant average values during the day until 18:00 to 24:00, during which time generation drops.
Refer to Table 16.
Season 0:00-6:00 6:00-12:00 12:00-18:00 18:0024:00J Overall
Winter 0.50 0.50 0.51 0.49 0.50
Spring 0.44 0.46 0.47 0.47 0.46
Summer 0.26 0.26 0.26 0.22 0.25
Fall 0.42 0.42 0.42 0.40 0.41
Overall 0.40 0.41 0.41 0.39 0.40
Table 16: Terceira 2009 Average Wind Capacity Factor by Season and Time of Day
Wind speed has seasonal patterns similar to wind capacity factor, with little difference in the
average wind speed during the day for any season. Winter experiences the highest wind speed
during any hour, mirroring the high wind generation patterns during that season. Summer
experiences the lowest wind speeds, also mirroring generation patterns. However, spring, which
has the second highest wind generation, experiences slightly lower average wind speeds than the
fall, which has the second lowest generation.
Very small diurnal patterns exist in the wind speed data. With the exception of the summer,
diurnal patterns in wind speed do not match those for wind generation. However, the differences
in the hourly daily averages in both sets of data are very small. Refer to Table 17.
Wind Output (kW) Capacity Factor
Max 4,500 1.00
Min 0 0.00
Mean 1,825 0.41
Season 0:00-6:00 6:00-12:00 12:00-18:00 18:00-24:00 Overall
Winter 0.22 0.21 0.23 0.23 0.22
Spring 0.17 0.18 0.19 0.18 0.18
Summer 0.13 0.13 0.13 0.12 0.13
Fall 0.20 0.19 0.20 0.19 0.19
Overall 0.18 0.18 0.19 0.18 0.18
Table 17: Terceira 2009 Normalized Average Wind Speed by Season and Time of Day
3.1.3.3 Terceira 2008 Hydro Patterns
Terceira has very pronounced seasonal patterns for hydro generation. Winter has the highest
generation, with an average capacity factor of 0.32. The spring has fairly high hydro generation,
although considerably less than what is experienced in winter. In comparison, almost no hydro
generation occurs in the summer and the fall. However, it is very likely this is due to either an
error in data collection or a decision not to use hydro generation, particularly in the fall.
Analysis of 2006 and 2007 found that hydro generation consistently went to zero around the
summer months, and peaked in winter and springtime. Small amounts of hydro generation in the
fall were also noted, particularly in the later fall months Figure 9 shows this clearly, and make
apparent that the lack of generation in the fall during both 2008 and 2009 is likely due to data
collection errors or a decision not to use the generators, rather than a lack of the renewable
resource, although it is also possible these years were drier than previous years.
Slight diurnal patterns can be seen in the winter and spring; no diurnal patterns are observed in
the summer and fall due to lack of generation. In both winter and spring, the least generation
occurs during the hours of 0:00 through 6:00, and generation slowly increases until it peaks
during the hours of 18:00 through 24:00. Larger hourly differences occur in the spring than in
the winter. Refer to Table 18.
Speed (m/s) Normalized Value
Max 40 1.00
Min 0 0.00
Mean 7 0.18
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Figure 9: Terceira Average Hydro Capacity Factors 2006 through 2009
Hydro Output (kW) Capacity Factor
Max 1,400 1.00
Min 0 0.00
Mean 196 0.14
Season 0:00-6:00 6:00-12:00 12:00-18:00 18:00-24:001 Overall
Winter 0.31 0.32 0.32 0.34 0.32
Spring 0.21 0.23 0.24 0.27 0.24
Summer 0.00 0.00 0.00 0.00 0.00
Fal 0.00 0.00 0.00 0.00 0.00
Overall 0.13 0.14 0.14 0.15 0.14
Table 18: Terceira 2008 Average Hydro Capacity Factor by Season and Time of Day
3.1.3.4 Comparing Terceira Demand to Renewable Resources
Figure 10 shows how generation patterns for wind and hydro power compare to demand patterns
for the island. Clear diurnal and seasonal demand patterns are evident from the graph. During all
seasons, demand is very low in the early morning until around 8am, when it increases
significantly. It is highest in the day during the summer and fall and after sunset in the fall and
winter. It is also clear that the summertime, which experiences high demand, has the lowest
renewable energy capacity factors, with zero hydro potential. Fall, with demand barely trailing
after summer levels, has average renewable resources. Winter, which has the second lowest
demand, has the best overall renewable resources, far exceeding any other season in both wind
and hydro generation. Spring, with the lowest demand, has decent renewable resources.
No significant diurnal renewable patterns exist.
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Figure 10: Terceira 2008 Normalized Average Demand vs. 2009 Average Wind and 2008 Average
Hydro Capacity Factors
3.1.4 Summary of Seasonal Wind and Hydro Resources
Each of the three islands analyzed have similar demand patterns. Demand is lowest in the early
morning, roughly from midnight to 8:00. From late fall to early spring, it then remains relatively
steady during the day until the sun goes down in, when it increases significantly. During
summertime, and the months surrounding summer, demand also increases in the afternoon.
The islands also have similar hydro patterns. Hydro generation peaks in the winter, and decreases
significantly in the summer and early fall. Faial and Terceira often see zero hydro generation
during these months. Flores, in comparison, experiences hydro generation even in these dry
months. The dam on Flores is not able to impact seasonal generation, but it is able to hold water
for use during the day when it might be more in demand.
Wind resources vary much more among islands than hydro resources. With the exception of
winter, which experiences the highest wind generation on all islands, the islands have their
second highest, second lowest, and lowest generation during different months.
Table 19 and Table 20 summarize these seasonal patterns.
Pattern Type Demand Renewable Resources
Diurnal Patterns
Lowest in early morning, year-
Low round - all islands
Slightly lower renewable resources in the
early morning, but by a much smaller
factor
Seasonal Patterns
Winter 2"dLowest demand - all islands
Lowest demand - all islands
2 "d highest demand - all islands
Highest wind resources - all islands
Highest hydro resources - all islands
Wind resources vary among islands;
lowest in Flores, 2nd highest in Faial,
2nd lowest in Terceira
2 "d hfghest hydro resources - all islands
Wind resources vary among islands;
2"d highest in Terceira and Faial;
2 nd lowest in Flores
Lowest hydro resources - all islands
Table 19: Analsys of Seasonal Renewable Patterns Among Islands
Spring
Summer
Fall
Demand wind
Winter 0.58
Spring 0.5
Summer 0.14
Fall 0.19
Demand Wind Hydro Demand Wind Hydro
Winter 0.56 6 6 Winter 0.50
Spring 0.48 0.18 Spring 0.47 08
Summer S 0.21 0.18 Summer 0.13 0.00
Fall 0.17 Fall 0.00
Season with highest normalized demand or renewable capacity factor
Season with 2nd highest normalized demand or renewable capacity factor
Season with 2nd lowest normalized demand or renewable capacity factor
Season with lowest normalized demand or renewable capacity factor
Table 20: Summary, Yearly Normalized Demand and Capacity Factors for Wind and Hydro
Mismatches between in demand and renewable resource potential are important to understand
when planning additional renewable capacity on the islands. According to the characterization,
installing significantly more renewable capacity may lead to excess capacity in the winter when
demand is low, while it may not be enough capacity to provide significant generation in the
summer when demand is high and renewable resources are low. In addition, installing additional
capacity may result in excess capacity in the early morning hours while being insufficient during
the day and evenings.
The remainder of research investigates these interactions in detail for the island of Flores, which
already receives almost half of its generation from wind and hydro sources.
3.2 Case Study: Flores
3.2.1 Flores in 2008: Baseline
The year 2008 was chosen as the baseline year for Flores. At the time this research commenced,
it was the year with the most complete data for the island. Using 2008 data, demand patterns
were analyzed, as well as hydro and wind generation patterns. Wind speed data for 2008 was
also analyzed to compare wind potential to actual wind generation. The following sections detail
the results of this analysis.
3.2.1.1 Flores Hourly Demand Profile
Demand for electricity in the Flores follows roughly the same daily pattern year-round. In
addition, there is very little variation between week days and weekend days, although there is
slightly less demand on Sunday than on other days of the week. Figure 11 shows 2008
generation data for the island. The data is broken into seasons, and the average hourly value is
shown.
Flores Weekly Demand, by Season
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Figure 11 : Flores Weekly Demand, by Season
EDA (2010), All Islands Electricity Data - Half Hourly Production 2006-2009, Electricidade dos Agores, Direct
Communication with Fernando Ferreira, EDA. 25 January 2010.
Seasonal variations in generation patterns are clear from this graph. Demand is lowest in the
spring, regardless of the time of day. However, night-time demand is highest in winter, while
mid-afternoon demand is highest in the summer and fall. Throughout the year, demand dips
during the early morning, and then gradually rises throughout the afternoon, reaching a peak
around noon. Demand then lessens slightly during the afternoon, and once again peaks around
sunset. During winter, which sees the shortest days, this peak occurs earlier than in others
seasons, and during the summer, the peak occurs during late evening.
3.2.1.2 Flores Generation Patterns
Refer to section 3.1 for a discussion of generation patterns in Flores and associated graphs and
tables.
3.2.1.3 Determining Flores Wind Generation Potential
Flores wind generation potential can be determined directly from wind speed. The equation for
determining wind power potential is shown below.
P = 1/2 * p * V3 * 1 * r2
Equation 1: Wind Speed Calculation
Where:
P = Power that can be generated from the wind;
p = Air Density, in mg/m 3; p = 1.225;
V = Velocity of the air, in m/s;
R = radius of the wind turbine, in m.
The wind turbines on Flores have a diameter of 30 meters. Velocity is an instantaneous value,
provided by measurements taken on the island.
The power value calculated must be modified by a scaling factor equal to the efficiency of the
turbines at the given wind speed. The manufacturer replaced the 30-meter diameter model with a
33-meter diameter model. The efficiency curve for the new model was scaled to create an
efficiency curve for the 30-meter turbines. The resulting power curve is show in Figure 12.
Figure 12: Wind Power Curve for Flores
The wind power curve in Figure 12 is expected output according to technical specifications. In
practice, actual power output deviates from these values. To better capture dynamics of the
existing wind turbines, these expected output values were compared to actual wind generation
values on Flores, and the power curve modified. The wind power curve per technical
specifications and the modified power curve are shown in Figure 13, along with actual
generation values. The modified power curve more accurately reflects actual generation values,
and represents the power curve utilized in this research.
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Figure 13: Actual Wind Generation Compared to Wind Generation Potential
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Despite a large congregation of data points near the power curve, a significant number of data
points fall far below the power curve. This is likely due to wind curtailment or other operator
decisions. These situations are difficult or impossible to model and are not modeled in this
research.
3.2.1.4 Determining Flores Hydro Potential
Potential hydro generation is much more difficult to calculate than potential wind generation.
Instantaneous measurements of rainfall are not available for Flores. In addition, due to the
capability of soil and small ponds to store water, a deep understanding of local hydrology would
be needed to calculate hydro potential. Instantaneous measurements of river flow are also not
available.
Rainfall values can only be obtained at the monthly scale. Figure 14 shows historic rainfall data
for Flores. The data shown are average monthly values over 100 years of data collection. This
data shows that the summer months are the driest, with the least rainfall and the least days
experiencing rain. It also shows that November is the wettest month, although overall the winter
months have the greatest average rainfall.
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Figure 14: Flores Historic Rainfall Data
(Weather2Flights.com)
Figure 15 displays monthly hydro generation from 2008 with the average historic monthly
rainfall. It can be seen that monthly rainfall patterns generally match monthly generation patterns
in the Azores. However, there is a small lag, either due to hydrology or to a mismatch of data.
To approximate average hourly generation potential on Flores, a series of consecutive historical
data values were chosen carefully to represent average daily values. Refer to Sectioin 4 for
additional details regarding how these values were chosen. This consequently ignores
precipitation patterns on the island, which are unavailable at a micro scale.
Figure 15: Flores Monthly Rainfall and Hydro Generation, 2008
(Weather2Flights.com)
3.2.2 Flores in 2014: Planned Generation Increases Completed
Generation expansion plans for Flores will be completed in 2014. Table 21 contains the final
diesel, wind, and hydro installation values for the island. One of the existing 0.5 MW diesel
generators will be taken offline, and two 0.9 MW diesel generators will come online. The
existing hydro plant will have a capacity increase of 0.2 MW, and a new 1.1 MW hydro plant
will be installed. The size of the existing hydro dam will remain unchanged. No wind will be
added.
Flores 2014 Expected Installed Generation (MW)
Diesel Geothermal Wind Hydro Biomass Total Notes
installed 3.7 0.0 0.6 2.7 0.0 7.1 6MWhofhydroStorage
% of Total 53% 0% 8% 38% 0% 100%
Table 21 : Flores 2014 Expected Installed Generation
(EDA, 2009), (Mendonca F. E., 2010)
Flores Historic Monthly Rainfall
verses 2008 Hydro Generation
1 Monthly
Rainfall
(cm)
imTotal Hydro
Generation
(MWh)
0" p" e" e"
NOON
4A A
'0q Nt
3.2.3 Flores in 2018: The Target Year for 75% Penetration
3.2.3.1 Estimated Demand in 2018
Demand in 2018 was projected to analyze the status of electricity demand and how to obtain
75% penetration. Patterns in the growth rates of ten years of consecutive data ending in 2008
were extrapolated to the years 2014 and 2018. Each season was analyzed independently. All
seasons showed decreasing growth rates prior to 2008. Projected cumulative growth rates from
2008 to 2014 and 2018 are shown in Table 22.
Table 22: Projected 2014 and 2018 Cumulative Demand Growth, by Season
The average weekly profile for each season in
Figure 16 through Figure 19.
2008 and the projected 2018 demand are shown in
Figure 16: 2018 Projected Winter Demand
2014 2018
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Spring 19% 24%
Summer 17% 22%
Fall 10% 10%
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Figure 19 :2018 Projected Fall Demand
3.2.3.2 Wind and Hydro in 2018
Wind and hydro patterns are assumed to be constant; no changes in weather patterns were
assumed. Capacity factors and wind speed patterns are held constant into the future.
3.3 Scaling Renewables: How Much is Too Much?
Problems associated with high penetration rates of renewable energy were discussed in
Chapter 2. As renewable energy penetration in the Azores increases, these problems will become
more pronounced. Due to the use of fuel oil and diesel oil generators rather than coal generators,
issues relating to ramping and start time will not be as pronounced as in other, larger systems.
However, due to the very small size of the grid systems in the archipelago, demand must be met
sometimes with only one or two generators, rather than a large system, placing more ramping
and cycling requirements on the fossil fuel generators.
Due to the quick reaction of the thermal generators, the larger consideration on the Azores will
likely be determining the correct amount of renewable energy to install so that it can be utilized
to meet demand in all seasons. As discussed in Section 3.1, renewable energy potential tends to
be high in the winter, when demand is low, and low in the summer when demand is high. As a
result, it will not be cost efficient to install renewable capacity designed to meet summer
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demand, as a large portion will be un-utilized in the winter. However, designing only for the
winter also may not be cost effective, especially as fossil fuel prices continue to rise.
The remainder of this research focuses on determining the cost-effective point for renewable
installation for the island of Flores. The system is analyzed with different penetration rates of
renewable energy, and the resulting system cost is calculated. This makes apparent the
production costs associated with different penetration rates, which can be compared to capital
costs for additional renewable capacity. The effect of different amounts of storage is then
analyzed to determine how much cost savings can be obtained. The savings obtained from
storage is a reflection of the willingness to pay for storage; the saved money can be compared
against storage prices to determine if storage is cost effective for the island.
Maintaining frequency and voltage will also be a large challenge for the islands; however, this is
beyond the scope of this research.
CHAPTER 4: MODELING INTERMITTENT AND UNCERTAIN RENEWABLE ENERGY SOURCES
This research relies heavily on the use of a model to generate different scenarios for analysis.
GAMS (General Algebraic Modeling System) is utilized for this purpose. The model was
developed from scratch referencing similar models. Refer to Appendix C for the model and
associated references.
4.1 Model Overview
A seven-day hourly stochastic unit commitment model was developed to model generator
behavior on Flores. The model simulates nine situations concurrently. They represent the nine
basic situations which arise when the forecasted wind power is the same as predicted, lower than
predicted, or higher than predicted, and when the forecasted hydro generation is same as
predicted, lower than predicted, or higher than predicted.
Each situation is assigned a probability of occurring. Studies have shown that the average
standard deviation of wind power prediction error is 15% on a 24-hour forecast (Fockena, Lange,
M6nnicha, Waldla, Beyerb, & Luig, 2002). Based on this, the likelihood of the wind being lower
than predicted is 16%, with a multiplier of 0.85. Conversely, the likelihood of the wind capacity
factor being higher than expected is 16% with a multiplier of 1.15. Wind power multipliers were
utilized instead of wind speed forecasting errors because most available literature discusses
errors associated with actual wind generation, rather than wind speed, and therefore more
forecasting error data is available. Literature review suggested no credible number to use for
hydro forecasting error. As a result, a value of 5% was utilized because hydro generation is
generally more predictable and accurate than wind forecasts and water flow is not prone to the
same momentary and hourly fluctuations as is wind, making it much more stable. However,
100% accuracy is impossible. The same probability for being below or above forecasted values
was used for hydro as was used for wind.
Table 23 shows the nine possible situations, and their associated chance of occurrence.
Table 23: Situation Probabilities
Using these probabilities and associated multipliers, the model performs an economic dispatch to
find the least cost combination of generation sources to meet demand subject to the constraints of
the model. Unit commitment of diesel units must be the same in each situation. There is a single
cost at the end of the simulation. This is the average expected cost of using the unit commitment
solution over a period of time. It is intended to model the possibilities that may be faced by a
system operator who needs to decide which units will be operational prior to knowing the exact
wind or hydro output levels. Running the model over a week and then multiplying that week by
the number of weeks in a season provides seasonal operational costs.
The model is not truly stochastic, but rather a deterministic equivalent of a stochastic model. A
truly stochastic model was not utilized because time series wind energy variability is difficult to
generate within a model, making it more appealing to use actual wind patterns or patterns that
can be designed. A truly stochastic model would also be very large and slow to run.
4.1.1 The Value of Stochastic Unit Commitment
Unit commitment decisions need to be made in the presence of uncertainty. Generation units
must be kept on to provide power in case wind or hydro values are lower than expected. In some
cases, this may lead to undesirable operating conditions and costs; if hydro and wind values are
higher than expected, extra fossil generation units will run unnecessarily, often at their minimum
loads, requiring "spilling" of renewables. Stochastic unit commitment calculates the cheapest
solution to all nine possibilities, thereby saving money in the long term.
4.1. 1.1 Stochastic Optimization
Deterministic solutions do not take uncertainty into account. They find and solve for the optimal
solution based on expected or predicted input values. Small changes to the inputs, however, may
cause the optimal deterministic solution to become highly undesirable. Scheduling unit
commitment for expected wind and hydro levels may necessitate turning on expensive thermal
generators if renewable generation is lower than expected, while planning for the high or low
renewables case may result in cheaper generators remaining on standby to meet demand during
renewable energy drops. In the presence of uncertainty, it is impossible to find a solution that
would be ideal in all circumstances. Instead, choices made in the presence of uncertainty
balances results of different possible outcomes. Stochastic programming accounts for
uncertainty in at least one input variable.
Although near impossible, the presence of perfect information would always lead to an optimal
solution because possible outcomes would not need to be hedged against one another. This is the
expected value of perfect information (EVPI), and it indicates the value of information about the
future. For generation planning, it is the value of knowing the future values of wind and hydro
generation, leading to the optimal solution and saving money by avoiding the operation of
thermal reserves. In contrast, the expected value solution (EEV) is the deterministic optimization
solution using the weighted average of the varying parameter (Dietrich, Latorre, Almos, &
Ramos, 2010). The model in this research calculates the EEV of unit commitment given various
scenarios of wind and hydro generation levels. The model is not truly stochastic, but rather a
deterministic equivalent of a stochastic model. Different possibilities are not perfectly random,
but are rather a series of possibilities with associated probabilities.
4.1.1.2 Other Research Utilizing Stochastic Unit Commitment
A number of researchers utilize stochastic unit commitment. Dietrich, Latorre, Almos, and
Ramos performed a stochastic unit commitment study on the Gran Canarias. A 24-hour model
taking into account wind and demand was used, where wind forecast errors provided the source
of stochasticity. Results showed that high wind production on the island does not always mean
there is less need for thermal capacity. Instead, even with high wind loads some thermal plants
had to remain running at their minimum stable load to cope with stochastic wind output in the
future hours in order to avoid high start-up costs if wind production dropped. In the presence of
low wind, expensive generation plants had to be utilized due to their fast reaction capability.
However, at high wind speeds, wind replaced expensive gas turbine plants, although even with
high wind speeds the problem of maintaining thermal generation reserves remained (Dietrich,
Latorre, Almos, & Ramos, 2010).
A study investigating the impacts of large amounts of wind power on the electric grid was
performed by Barth, Brand, Meibom, and Weber using a stochastic unit commitment model. The
study showed that high amounts of wind power affected the technical operation of the electricity
system and the electricity markets. Increases in wind power necessitated that other units be more
flexible in order to maintain stability, increasing the need for spinning and non-spinning
reserves. Transmission bottlenecks also may result. The study found that if wind was fluctuating
but relatively predictable, generation plants could be scheduled on a day-ahead basis, although
they need to be operated in a more flexible manner (Barth, Brand, Meibom, & Weber, A
Stochastic Unit-commitment Model for the Evaluation of the Impacts of Integration of Large
Amounts of Intermittent Wind Power, 2006).
A study by Li and Kuri showed that as the percentage of intermittent generation in a system
increases, both spinning reserves and production costs increase. Emissions also decrease. The
study investigated very low levels of wind penetration and how those affected cost and
emissions, and found that if unit commitment was performed based on emissions rather than cost
units with lower emissions could be utilized, although costs would rise (Li & Kuri, 2005). Due
to the low levels of wind penetration in that study and the concern with emissions from varied
thermal generators, results are not applicable to this research.
4.1.2 Purvose of a Week-Lone Model
A week-long, hourly model has the capability to model weekdays and weekends in a single run.
More importantly, it allows stored energy be carried from one day to the next, or from early in
the week to later in the week, depending on when it is most needed. A single day model would
not capture this important dynamic.
4.2 Data and Model Parameters
In order to simulate the model over one year, the year was broken down into four three-month
seasons:
Winter: December, January, February
Spring: March, April, May
Summer: June, July, August
Fall: September, October, November
The division of the year into these four seasons was determined after analyzing demand and
renewable patterns throughout the year. Analysis showed that these groupings had the most
consistency for demand, wind, and hydro patterns. Input patterns for demand, hydro, and wind
were determined as described below.
Monetary values used in the model are from 2008 where possible. Inflation was not taken into
account when projecting future costs; cost outputs from the model are in 2008 values to maintain
consistency among numbers and avoid errors in projecting inflation values for technology, labor,
and fuel.
4.2.1 Demand Data
Seasonal demand patterns were discussed in Section 3.2. The year 2008 was used as a reference,
and the growth rates shown in Table 22 were used to determine seasonal demand in 2014 and
2018.
4.2.2 Hydro Data
Due to lack of an accurate manner to develop synthesized hydro generation values, actual hydro
generation values from 2008 were used in the model. Values used were a time series of 168
consecutive hours, one series per season.
Section 4.3 details how specific values were chosen for each season.
4.2.3 Wind Data
Synthetic wind speed data were utilized for model inputs. A recent methodology demonstrated
that utilizing pre-defined day types more accurately simulates expected wind speeds than other
wind simulation methods (Suomalainen, Silva, Ferrao, & Connors, 2010). Using this
methodology, one year of synthetic wind data was created for a year with average wind speed'.
This data was then analyzed by season to obtain representative 168-hour consecutive wind inputs
for the model. These wind speeds were put through the wind curve in Section 3.2.
Section 4.3 details how specific values were chosen for each season.
4.2.4 Fuel Prices
The average price of diesel in Portugal in 2008 was 1.07 Euros/liter (Trading Economics),
(OANDA Corporation). However, fuel prices in 2008 were at a historical high and very volatile
(The Automobile Association Limited 2011, 2008). To compensate for this anomaly, a fuel price
of 1.0 Euro/liter was used in the model.
4.2.5 Generator Data
The majority of the data for thermal generators on Flores was provided by EDA. Such data
includes the size of the generators, and their makes and models. This information was also
provided for the renewable generation sources. When possible, information not available directly
1 Synthetic wind data provided by Kiti Suomalainen, MIT Portugal Program, IST, Technical University of Lisbon,
Lisbon, Portugal
from EDA was obtained from manufacturers. Assumptions had to be made in situations where
information was not directly available, such as for the heat rate of the diesel generators. In such
cases, assumptions were based on the performance of similar models. Refer to Appendix D for
generator data used in the model.
4.2.6 Operation and Maintenance Costs; Capital Costs
Operation and maintenance costs for existing equipment were provided by EDA. Capital costs
for new equipment were also provided by EDA. Refer to Appendix E and Appendix F.
4.2.7 Constraints
The following constraints were built into the model:
1. Demand must be met at all times.
2. Thermal unit commitment decisions must be the same across all nine renewable
uncertainty situations.
3. Maximum and minimum generation levels of each thermal generator cannot be exceeded.
4. Diesel generators need to be within ramping constraints.
5. The maximum amount of hydro generation from the dam is 1 MW/hour.
6. Ending values of storage, in any form, must be equal to the initial level of storage.
7. Spinning reserves equal to 40% of demand must be available at all times, per direction of
EDA (Mendonca F. E., 2010). These can be provided by spinning thermal reserves, by
surplus renewable energy, or by energy storage.
4.2.8 Assumptions
The following major assumptions were made:
1. The capacity factor of renewable energy sources will not change as more are installed.
2. Renewable energy patterns will not change over the years.
3. Demand will increase at the pace described in Section 3.2 and Section 4.3.
4. The experience of operators, and their comfort running the system with low reserves, is
ignored.
5. Monetary inflation is ignored.
6. Discounting is not performed.
4.3 Methodology
Resources for each week within a season were characterized according to the following:
e Wind: low wind, average wind, or high wind
e Hydro: low hydro, average hydro, or high hydro
Categories were determined based upon the seasonal mean wind speed and hydro generation,
respectively, and their associated standard deviations. Values within one standard deviation of
the mean were considered "average", values below one standard deviation from the mean were
considered "low", and values above one standard deviation from the mean were considered
"high". Table 24 shows the associated matrix.
Low Av ae Hi
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Table 24 : Week Type Categories
One week for each wind and hydro week type was randomly selected in each season to represent
that week type during the associated season. Wind speed values were run through the wind
power curve to get the associated power output, which was converted to a capacity factor. Hydro
generation was directly converted to capacity factor.
Analysis of 2008 data determined the probability of each week type occurring in each season.
These probabilities are shown in Table 25.
Low Average High
Low 0% 15% 0%
Hydro Averaoe 15% 38% 8%
High 8% 15% 0%
Mean Low Wind Speed (m/s) 3.9
Mean Average Wind Speed (m/s) 11.8
Mean High Wind Speed (m/s) 17.0
Mean Low Hydro Generation (kWh) 381
Mean Average Hydro Generation (kWh) 622
Mean High Hydro Generation (kWh) 801
Wind
Low Average High
Low 8% 0% 0%
Hydro Average 15% 46% 8%
High 8% 8% 8%
Mean Low Wind Speed (m/s) 3.8
Mean Average Wind Speed (m/s) 8.3
Mean High Wind Speed (m/s) 11.9
Mean Low Hydro Generation (kWh) 158
Mean Average Hydro Generation (kWh) 234
Mean High Hydro Generation (kWh) 5061
Low Average High
Low 0% 23% 0%
Hydro Aeae 8% 46% 8%
High 8% 8% 0%
Mean Low Wind Speed (m/s) 8.9
Mean Average Wind Speed (m/s) 12.5
Mean High Wind Speed (m/s) 15.7
Mean Low Hydro Generation (kWh) 315
Mean Average Hydro Generation (kWh) 478
Mean High Hydro Generation (kWh) 650
Low Average High
Low 0% 23% 0%
Hydro Avera e 23% 38% 8%
High 0% 0% 8%
Mean Low Wind Speed (m/s) 6.1
Mean Average Wind Speed (m/s) 8.8
Mean High Wind Speed (m/s) 11.8
Mean Low Hydro Generation (kWh) 81
Mean Average Hydro Generation (kWh) 413
Mean High Hydro Generation (kWh) 644
Table 25 : Category Probabilities with Wind Speed and Hydro Generation, by Season
Only five of the nine week types were run through the model. These are shown in Table 26.
These were the week types that were found to be the most common, and with the exception of
average wind and low hydro were the only types to occur in all seasons; despite not occurring in
the summer, average wind and low hydro has a fairly high rate of occurrence in the other
seasons, and was included in model runs. The results of the model were calculated for a year of
similar year types to allow benchmarking and system analysis.
ILow Aeae Hg
Low I - -
High I 
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Table 26: Week Types Run Through Model
4.4 Model Calibration
Model calibration is necessary to ensure that results are reflective of actual system behavior. The
model was calibrated in such a manner that the results for a year with average hydro generation
and average wind generation mirrored historical results from 2008. Initial runs of the model
over-predicted wind generation. The model always uses the wind to its fullest potential when
possible; however, in practice, wind turbines are sometimes shut down or the energy curtailed.
The model must capture this behavior.
Table 27 shows the average amount of wind potential that is utilized each season. The model
used these values as a wind scalar.
Percent of Wind Potential Utilized
by Season
Turbine 1 Turbine 2 Average
Winter 57% 64% 60%
Spring 70% 68% 69%
Summer 64% 78% 71%
Fall 72% 77% 74%
Table 27: Percent of Wind Potential Utilized by Season
Four model runs - one for each season in 2008 - were simulated using this method using historic
demand, wind speed, and hydro generation patterns. Model runs showed that the model over-
predicted wind generation in the spring, due to using higher wind simulated wind speeds than
actually occurred in 2008. To compensate a multiplier of 0.56 was used instead.
Figure 20 shows a sample of actual generation compared to the results of the model run for
Winter 2008. Matching exact thermal generator output and ramping in the model to historical
values is not crucial; however, peaks and dips should occur during roughly the same times. Table
28 contains detailed numerical results for two calibration runs of the model, by season. Some
randomly chosen weeks were missing renewable data, leading to large differences between
actual generation and modeled generation. During weeks were complete historical data was
available for comparison, the model results were relatively similar to actual generation.
Winter 2008: Actual Generation
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Figure 20 : Winter 2008: Actual Generation vs. Model Simulation Results
Winter SpringGeneration Type Actual Model Delta % Error Actual Model Delta % Error
Diesel Generation 74.4 79.4 5.0 7% 59.1 54.2 (4.8) -8%
% Diesel Generation 32% 34% 2% 7% 31% 29% -2% -8%
Wind Generation 44.0 39.0 (5.0) -11% 28.8 34.0 5.2 18%
Hydro Generation 112.6 112.5 (0.0) 0% 101.8 101.4 (0.4) 0%
% Renewable Generation 68% 66% -2% -3% 69% 72% 3% 4%
Total Generation 231.0 231.0 0.0 0% 189.7 189.1 (0.6) 0%
Summer Fall
GenerationType _ Actual Model Delta % Error Actual Model Delta % Error
Diesel Generation 205.0 225.8 20.8 10% 193.0 149.4 (43.6) -23%
% Diesel Generation 86% 94% 9% 10% 79% 61% -18% -23%
Wind Generation 27.9 7.1 (20.8) -75% - 43.6 43.6 N/A
Hydro Generation 6.6 6.7 0.0 1% 51.6 51.6 0.0 0%
% Renewable Generation 14% 6% -9% -60% 21% 39% 18% 85%
Total Generation 239.6 239.6 0.0 0% 244.6 244.6 0.0 0%
Winter SpringGeneration Type Actual Model Delta % Error Actual Model Delta % Error
Diesel Generation 91.4 88.6 (2.8) -3% 57.0 56.1 (0.9) -2%
% Diesel Generation 39% 38% -1% -3% 40% 40% -1% -2%
Wind Generation 40.0 42.6 2.6 7% 1.8 2.9 1.1 64%
Hydro Generation 101.1 101.2 0.1 0% 83.2 83.0 (0.2) 0%
% Renewable Generation 61% 62% 1% 2% 60% 60% 1% 1%
Total Generation 232.5 232.0 (0.5) 0% 142.0 142.0 - 0%
Summer Fall
Actual MdlDelta % Error Actual Model Delta % Error.
159.9 159.5 (0.4) 0% 170.3 173.3 3.0 2%
70% 70% 0% 0% 73% 74% 1% 2%
30.1 30.4 0.3 1% 29.5 26.2 (3.3) -11%
38.2 38.3 0.0 0% 34.6 34.7 0.1 0%
30% 30% 0% 1% 27% 26% -1% -5%
228.2 228.2 - 0% 234.5 234.3 (0.2) 0%
Table 28: Analysis of Actual Generation vs. Model Results
4.5 Scenarios
Three sets of scenarios were analyzed with the model. These are listed below.
Scenario Set 1: 2008
The reference year 2008 was used to calibrate the model as discussed in Section 4.3. The model
is run with generation units that were present in 2008. The model was run twice for each season.
The first run compared historical values to compare output of the model with actual values. The
second run compared input values, based on the methodology in 4.4, with historical values.
Scenario Set 2: 2014
All planned upgrades and additions to the electricity generation system are scheduled to be
completed in 2014. This year was analyzed to understand the status of the electric system after
all upgrades have been completed. No storage was included because none is currently planned.
Only a year with average hydro generation and average wind speed was run through the model;
the model was calibrated so that a year with average hydro generation and average wind speed
mimicked behavior of the year-round system. Results were later compared to 2018 model runs.
Scenario Set 3: 2018
The year 2018 is the target year for achieving 75% of electricity from renewable resources. Two
sub-sets of scenarios were run for this year, the first without energy storage and the second with
energy storage. Each sub-set of scenarios was run for each season using the methodology
described earlier.
No Energy Storage
The scenarios in Table 29 were simulated in the model to determine how much renewable energy
penetration the system can utilize without adding energy storage.
Description vv IIIu %pi(MW)(MW)
No Additional Renewable Capacity 0.0 0.0
0.5 MW Additional Hydro Capacity 0.5 0.0
1.0 MW Additional Hydro Capacity 1.0 0.0
0.5 MW Additional Wind Capacity 0.0 0.5
1.0 MW Additional Wind Capacity 0.0 1.0
0.5 MW Additional Hydro Capacity and
0.5 MW Additional Wind Capacity 0.5 0.5
Table 29: Renewable Capacity Scenario Description
These simulations allow the behavior of the system in 2018 to be analyzed and the effects of
various amounts of renewable energy penetration to be analyzed. For each simulation, cost and
the percentage of energy from renewable resources were recorded.
With Energy Storage
The same set of scenarios investigated for the 2018 system without energy storage were also
investigated with energy storage. Three different storage amounts were analyzed:
e 5 MWh of storage - 13% of daily average electricity consumption.
* 10 MWh of storage - 27% of daily average electricity consumption.
* 20 MWh of storage - 54% of daily average electricity consumption.
Cost and the percentage of energy from renewable sources were recorded for each. A sample
model output for the 2018 system with no storage is shown in Figure 21, and output for the same
week with 5 MWh of storage is shown in Figure 22. It should be noted that while storage
provides needed energy during some peaks and absorbs some excess energy during troughs,
overall it not provide a significant source of generation. However, Generator 10, which runs at
its minimum load for the majority of the week in the absence of storage, is able to turn off in the
presence of storage, and as a result total diesel generation decreases from 43.0 MWh to 16.7
MWh. This type of behavior will be discussed in more detail in Section 5.
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Figure 21: Sample Model Output for a Week of Average Hydro Generation and Average Wind
Speed, No Energy Storage
WindSpedLevel: High Installed Wind Capacity (MW): 0.6Windo Seer Level: e Flores 2018 Spring Generation Installed Hydro Capaicty (MW): 3.7
2.50 Hydra Generation Level: Average Installed Energy Storage (MWh): 5
Storage In
2.00 N Storage Generation
U Wind
t1.50 7
. Hydro
0 1.00 U Generator 1
N Generator 2
0.50
8 Generator 7
0.00 Generator 9
Monday Tuesday Wednesday Thursday Friday Saturday Sunday U Generator 10
Figure 22: Sample Model Output for a Week of Average Hydro
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CHAPTER 5: INCREASING RENEWABLE PENETRATION AND THE IMPACTS OF ENERGY STORAGE
5.1 Status of the Flores Electricity System in 2014 and 2018
In 2014, the annual electricity demand was assumed to be 13% higher than 2008 annual
electricity demand. However, due to the increased hydro capacity of 1.3 MW, the simulated
annual percentage of electricity generated from renewable sources is 61%, a 30% increase from
47% in 2008. Average annual electricity production costs will be 227 f/MWh, a cost reduction
of 26% from the 2008 production costs of 308 C/MWh.
In 2018, the annual electricity demand was assumed to be 15% higher than 2008 annual
electricity demand, a slight increase beyond the demand of 2014. The simulated annual
percentage of electricity generated from renewable sources is 59%. Average annual electricity
production costs will be 229 f/MWh.
A summary of the status of the electrical system generation for 2008, 2014 and 2018 can be
found in Table 30. These results are for a year with average wind speed and average hydro
generation; however, because the model was calibrated so that an "average" year modeled 2008
historical data, this can be considered the average cost of the system. Diesel costs roughly C420
per MWh.
Weekly
Demand
2008
2014
2018
229
243
243
198
234
245
235
275
287
237
262
262
11,717
13,227
13,531
Average Year Winer Spring Summer FI
rodcto 2008 C 248 C 249 f 380 C 343 C 308
P ction 2014 C 164 C 197 C 286 C 252 C 227
t/Wh) 2018 C 164 C 198 C 290 C 252 C 229
Aveag Prcnt Year Winter Spring Summfler Fall
Reneble 2008 61% 59% 31% 40% 47%Renewable 2014 81% 73% 40% 53% 61%
Generation 2018 80% 71% 39% 52% 59%
Table 30: Flores Average Electricity Generation in 2008, 2014, and 2018, by Month
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5.2 Effects on System of Increasing Renewable Energy Penetration, Without Storage
The effects of additional renewable capacity were found to differ by scenario. In a year with
average hydro generation and average wind speed, adding 1.0 MW of wind capacity was found
to be the most effective, decreasing costs 18%, from C229 to C187, and increasing the annual
percentage of electricity generated from renewable sources 22%, from 59% to 72%. Less
effective, in decreasing order, were increasing both hydro and wind capacity by 0.5 MW,
installing 1.0 MW of hydro capacity, installing 0.5 MW of wind capacity, and increasing 0.5
MW of hydro capacity. Table 31 lists details of the effectiveness of each capacity increase for
each scenario, and Figure 23 shows the results graphically. Detailed results can be found in
Appendix G. Refer to Table 24 in Section 4 for seasonal values of high, average, and low hydro
generation and high, average, and low wind speed.
Average Hydro Generation and Average Wind Speed
Added Capacity Average Average Percent£/MWh Renewables
None 229 59%
0.5 MW Hydro 213 65%
0.5 MW Wind 206 67%
1.0 MW Hydro 197 70%
0.5 MW Hydro; 0.5 MW Wind 191 72%
1.0 MW Wind 187 73%
Added Capacity Average Cost Average Percent(C/MWh) Renewables
None 247 54%
0.5 MW Wind 235 58%
0.5 MW Hydro 230 60%
1.0 MW Wind 226 61%
0.5 MW Hydro; 0.5 MW Wind 215 64%
1.0 MW Hydro 210 65%
Average Cost Average PercentAdded Capacity (C/MWh) Renewables
None 219 63%
0.5 MW Hydro 202 68%
0.5 MW Wind 191 72%
1.0 MW Hydro 186 73%
0.5 MW Hydro & 0.5 MW Wind 175 76%
1.0 MW Wind 168 79%
Added Capacity Average Cost Average Percent(C/MWh) Renewables
None 274 46%
0.5 MW Hydro 261 50%
1.0 MW Hydro 246 55%
0.5 MW Wind 246 55%
0.5 MW Hydro; 0.5 MW Wind 233 59%
1.0 MW Wind 222 63%
Added Capacity Average Cost Average Percent(C/MWh) Renewables
None 171 78%
0.5 MW Wind 157 82%
0.5 MW Hydro 151 83%
1.0 MW Wind 143 85%
0.5 MW Hydro; 0.5 MW Wind 138 87%
1.0 MW Hydro 134 88%
Table 31: Effects That Additional Renewable Capacity Would Have on the Electric System
Flores Annual Generation Projections
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Figure 23: Impact of Additional Wind and Hydro Capacity on the 2018 Flores Electric System, No
Storage
These results show that in years where hydro generation is higher than normal or where wind
generation is lower than normal, additional hydro capacity has a greater impact on reducing
system cost and increasing renewable energy penetration. In other years, additional wind
capacity has a greater impact on the system. Wind has a higher capacity factor than hydro - 0.35
for wind compared to 0.29 for hydro - and therefore additional capacity will have a greater
effect. In addition, wind speeds remain fairly high during summer months, which experience the
highest demand, while hydro generation is at its lowest in summer months, limiting its potential
to provide additional generation during; during these months, the wind capacity factor is at 0.32,
compared to 0.18 for hydro. Refer to Section 3.1 for further discussion on renewable energy
patterns in Flores.
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Figure 23 also clearly shows that variations in hydro generation levels have a greater impact on
the overall system than do variations on wind speed levels. This result makes sense given that
there is more than four times as much hydro capacity as wind capacity installed on the island.
Also shown in Figure 23 are the results for a year with low wind speed and low hydro
generation, and for a year with high wind speed and high hydro generation. These years were
not run for additional capacity values.
In the absence of storage, the goal of generating 75% of electricity from renewable resources is
only met in a few situations. For years not experiencing either high wind speed or high hydro
generation, this goal was never met in simulated model runs, even when additional renewable
capacity was added for the system. For years with high wind speed and average hydro
generation, the 75% goal was only met with the addition of 1.0 MW of wind capacity or a
combination of 0.5 MW of wind capacity and 0.5 MW of hydro capacity. The goal is met in all
situations experiencing average wind speed and high hydro generation. However, this renewable
behavior is only experienced a small portion of the years, and therefore the successful rate of
renewable generation will not be able to balance weeks with lower generation; the results from
the simulation with average hydro generation and average wind speed are the most representative
of an entire year with varying renewable resources, due to the method of model calibration.
It should also be noted that although a full scenario set was not run for high hydro generation and
high wind speed, the 75% goal is far exceeded with adding additional renewable capacity. Based
on the behavior of simulations discussed above, adding additional capacity would further
increase renewable generation and decrease overall operational cost. In contrast, in a year with
low wind speed and low hydro generation only 40% of electricity is generated from renewable
sources, and based upon previous the model simulations additional renewable capacity would
help increase this percentage, but the goal of 75% would not be reached.
5.3 Impact of Adding Battery Storage
Initial model runs showed that performance is relatively similar for storage capacities of 5 MWh,
10 MWh, and 20 MWh. Additional runs therefore only considered 5 MWh and 20 MWh of
energy storage. Overall, adding battery storage to the system helped reduce operating costs and
increased the amount of electricity generated from renewable sources. Cost reductions and
renewable energy penetration increases were most dramatic in years with high levels of hydro
generation or wind speed. Only week types shown in Table 26 were simulated.
5.3.1 Average Hydro Generation, Average Wind Speed
Adding 5 MWh energy storage to the baseline 2018 electric system in a year experiencing
average hydro generation and average wind speed reduces average production cost from 229
C/MWh to 197 f/MWh, a savings of 13%. It also increases the amount of electricity generated
from renewable sources from 59% to 66%, an increase of 10%. These gains are higher when
additional renewable capacity is installed in the system. Annual generation projections are shown
in Figure 24 and detailed in Appendix H. There is little operational difference between adding 5
MWh of storage and 20 MWh of storage; results for these two storage amounts are typically
adjacent to one another and much closer to one another than to any other results.
Regardless of the system's installed renewable capacity, adding storage increases the percentage
of electricity generated from renewable energy sources and decreases the production cost. The
cost line shifts downwards by about 20 f/MWh; the same renewable penetration can be reached
with storage for about 20 f/MWh less than with renewables alone. In addition, in order to reach
a certain renewable percentage level, less additional renewable generating capacity is needed
when storage is used. Adding storage to the system gets roughly the same renewable generation
percentage as adding another 0.5 MW of renewable energy, with lower operating costs.
However, this may not be worth the trade off given that the high capital cost of energy storage.
To reach very high penetration levels, both storage and additional capacity are needed. To reach
the goal of 75% of electricity generated from renewable sources, storage must be used with 0.5
MW of additional wind capacity, decreasing costs by 27% and increasing renewable generation
rate by 27%. To get beyond the goal of 75% renewable energy generation, additional capacity
must be installed and used in tandem with storage.
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Figure 24: Flores 2018 Annual Generation Projections for Average Hydro
Wind Speed
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5.3.2 High Hydro Generation, Average Wind Speed
Adding 5 MWh energy storage to the 2018 electric system in a year experiencing high hydro
generation and average wind speed reduces average production cost from 171 f/MWh to 124
f/MWh, a savings of 27%. It also increases the amount of electricity generated from renewable
sources from 78% to 89%, an increase of 14%. Cost gains are slightly higher, 28% and 29%, for
an additional 0.5 MW of hydro and 0.5 MW of wind added to the system, respectively. Other
values of additional capacities saw slightly less gains. All values of additional capacity saw
slightly smaller gains in renewable energy generation. Annual generation projections are shown
in Figure 25 and detailed in Appendix I.
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Figure 25: Flores 2018 Annual Generation Projections for High Hydro Generation and Average
Wind Speed
Storage makes a large difference in reducing operating costs of the system and in increasing
renewable energy generation. Very small gains are made through use of storage itself as a
renewable energy source, although the presence of storage and potential for it to act as a power
source replaces the need for diesel generators to supply spinning reserves, allowing them to turn
off and to be replaced by renewable energy whose potential was previously unused. Refer to
Section 5.5 for a more detailed discussion on the effectiveness of storage as a spinning reserve.
There is little difference between adding 5 MWh of storage and 20 MWh of storage.
System operating cost are much less than for a year with average hydro generation and average
wind speed, largely due to increased renewable generation; achieving the same amount of
renewable energy generation results in almost the same operating cost in both scenarios. A much
higher renewable generation value can be reached in this scenario due to the increased hydro
potential; the goal of 75% is reached without adding additional capacity or storage. Adding
either helps to further increase the amount of renewable energy generation. However, this
scenario occurs only a small fraction of the year, having little impact on annual renewable
generation values.
5.3.3 Low Hydro Generation, Average Wind Speed
Adding 5 MWh energy storage to the baseline 2018 electric system in a year experiencing low
hydro generation and average wind speed reduces average production cost from 274 f/MWh to
255 C/MWh, a savings of 7%. It also increases the amount of electricity generated from
renewable sources from 46% to 47%, an increase of 2%. Cost savings and the percentage of
renewable generation both increase as installed renewable capacity increases. Maximum effect
is seen with 1.0 MW of additional wind installed, which sees a cost reduction of 14% and a
renewable energy generation increase of 7%. Maximum effect is seen with wind installation
rather than hydro installation likely because hydro generation capacity factor is low, reducing the
impact of additional installed capacity. Annual generation projections are shown in Figure 26
and detailed in Appendix J.
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Figure 26: Flores 2018 Annual Generation Projections for Low Hydro
Wind Speed
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Unlike other scenarios, which where storage is typically more effective than adding additional
renewable capacity at increasing renewable generation, results are strongly stratified by installed
renewable capacity. To obtain a high level of renewable generation, it is more effective to add
additional capacity than to add energy storage, although the associated operating cost is higher.
The only exception is adding 1.0 MW of wind alone compared to adding 0.5 MW of wind
combined 0.5 MW of hydro used with storage; both achieve the same renewable energy
generation, but the latter is cheaper by 15 C/MWh. However, annual savings will not be much
compared to capital costs of energy storage.
The goal of 75% renewable energy generation cannot be achieved in this scenario, even when
storage is used. Because the majority of the renewable capacity on the island is hydro
generation, overall renewable energy generation drops when hydro generation levels drop.
Storage helps improve renewable energy generation and operating costs, but only by a small
amount, because there is not much renewable energy available to store. In addition, the hydro
dam already provides a source of storage for hydro resources, limiting the impact that additional
storage has on hydro generation levels.
5.3.4 Average Hydro Generation, High Wind Speed
Adding 5 MWh of energy storage reduces average production cost from 219 C/MWh to
184 C/MWh, a savings of 15%. It also increases the amount of electricity generated from
renewable sources from 63% to 49%, an increase of 10%. Cost savings and the percentage of
renewable generation both increase as installed renewable capacity increases. Maximum effect
is seen with 1.0 MW of additional wind installed, which sees a cost reduction of 25% and a
renewable energy generation increase of 12%. Maximum effect is seen with additional wind
capacity because wind speeds are high in this scenario, increasing the capacity factor of wind,
which was already higher than the hydro capacity factor. Annual generation projections are
shown in Figure 27 and detailed in Appendix K.
Storage helps increase overall renewable generation levels; when used in tandem with added
renewable capacity, almost 90% renewable energy generation can be achieved. In the range of
70% to 80% renewable energy generation, similar results can be achieved using additional
capacity only or through using additional capacity paired with storage. Using storage lessens the
amount of additional renewable capacity that must be installed, and slightly lowers the cost. The
goal of 75% renewable energy penetration can be achieved without storage by adding either 0.5
MW of additional wind capacity paired with 0.5 MW of additional hydro capacity, or by adding
1.0 MW of wind energy. Using storage, only 0.5 MW of additional hydro capacity is needed.
Operating costs are 12 f/MWh cheaper when the latter option is used.
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Figure 27: Flores 2018 Annual Generation Projections for Average Hydro Generation and High
Wind Speed
5.3.5 Average Hydro Generation, Low Wind Speed
Adding 5 MWh of energy storage reduces average production cost from 247 f/MWh to
217 C/MWh, a savings of 12%. It also increases the amount of electricity generated from
renewable sources from 54% to 60%, an increase of 9%. Cost savings and the percentage of
renewable generation both increase as installed renewable capacity increases. Maximum effect
is seen with 0.5 MW of additional hydro installed and with 1.0 MW of additional hydro, both
which see a cost reduction of 16% and a renewable energy generation increase of 11% when
adding storage. Maximum effect is seen with additional hydro capacity because wind speeds are
low in this scenario, decreasing the potential of wind to provide renewable energy generation.
Annual generation projections are shown in Figure 28 and detailed in Appendix L. There is more
difference in this scenario between 5 MWh of storage and 20 MWh of storage than was present
in the other scenarios.
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Figure 28: Flores 2018 Annual Generation Projections for Average Hydro Generation and Low
Wind Speed
No results reach 75% renewable energy generation, even when additional capacity is used in
tandem with energy storage. Wind generation typically has a greater capacity factor than hydro
generation. This is especially true during summer months. In this scenario, wind speed values are
low, severely impacting the amount of wind energy available during the summer months when
hydro generation decreases significantly. As a result, the annual renewable generation values are
negatively impacted. The closest that can be achieved is 74% renewable energy generation,
which is accomplished using both 1.0 additional MW of hydro capacity and 20 MWh of storage.
5.3.6 Summary of Model Simulation Results for the Five Primary Week Types
For all simulations discussed previously, adding storage increased the amount of electricity that
was generated from renewable energy sources and reduced cost. Figure 29 shows all results. It
clearly shows that that all simulation results from runs without storage fall along the same line,
and that all simulation runs with storage fall alone the same line. The latter line is shifted
downwards from the former. The figure also clearly shows that storage has more effect on some
week types than on other week types; adding storage in low hydro generation and average wind
speed weeks did not increase the percentage of electricity generated from renewable source as
much as it did when added to week with higher renewable generation potential. Weeks with
higher renewable potential would have a higher amount of unused renewable potential that are
spilled in the absence of storage.
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Figure 29: Flores 2018 Annual Generation Projections for All Week Types
For all simulations, adding storage increased the amount of electricity that was generated from
renewable energy sources and reduced cost. Figure 29 shows all results discussed earlier. It
clearly shows that that all results from simulations without storage lay along the same x-y line,
and that all results from simulations with storage lay alone the same x-y line. The latter line is
parallel to the former, shifted downwards by roughly 15 C/MWh. The figure also clearly shows
that storage has more effect on some week types than on other week types; adding storage in
weeks with low hydro generation and average wind speed did not increase the percentage of
electricity generated from renewable source as much as it did when added to weeks with higher
renewable generation potential. The reason is that weeks with higher renewable potential would
have a higher amount of unused renewable potential that are spilled in the absence of storage.
The majority of simulations did not achieve the goal of obtaining 75% of electricity from
renewable resources. When the goal was achieved, it was usually through use a combination of
additional capacity and storage.
High hydro generation paired with average wind speed was the only week type in which always
achieved the 75% renewable energy goal, as discussed previously. Refer to 5.3.2.
5.4 Energy Storage Utilization Curve
Initial model runs showed that performance is relatively similar for storage amounts of 5 MWh,
10 MWh, and 20 MWh. Additional model runs were completed to generate an energy storage
utilization curve to determine the amount of storage beyond which point additional returns are
minimized. These runs were completed for a year with average hydro generation and average
wind speed. Results are shown in Figure 30 and detailed Table 32. It was found that any storage
amount greater than 1 MWh has a similar impact on system performance; as storage capacity
increases, the amount of electricity generated from renewable sources increases only slightly and
the cost decreases only slightly, regardless of the quantity of additional storage capacity. Almost
a third of the renewable energy generation gains were made with 0.12 MWh of energy storage,
which is equal to the lowest minimum operating level of the diesel generators, and another third
between 0.12 MWh and 0.4 MWh, demonstrating the large impact that a small amount of energy
storage can have on a small electric grid.
From Table 32 it can be see that battery storage has the most impact during the winter. During
this season, renewable energy levels are high and are sometimes curtailed to allow the diesel
generators to remain operating as spinning reserves. In addition, higher renewable energy levels
mean that renewable energy supply fluctuations are greater, increasing the need for reserves.
Battery storage provides needed energy during these fluctuations and can absorb excess energy
when available, increasing the amount of total renewable energy utilized. In comparison, during
the summer there is little excess renewable energy, and battery storage has almost no impact on
system operation. There are some gains in the spring and fall months, with slightly more gains in
the spring because capacity factors are higher in the spring. Therefore, while energy storage
helps increase the percentage of electricity generated from renewable sources during a day or a
week, it does not impact seasonal renewable energy generation patterns. This result is expected,
as small quantities of storage are intended to provide balancing on the hourly or daily scale;
different types of energy storage are utilized for seasonal storage. Refer to Section 2.3 for more
information on energy storage types.
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Figure 30: Energy Storage Utilization Curve Average Hydro Generation and Average Wind Speed
From Table 32 it can be see that battery storage has the most impact during the winter. During
this season, renewable energy levels are high and are sometimes curtailed to allow the diesel
generators to remain operating as spinning reserves. In addition, higher renewable energy levels
mean that renewable energy supply fluctuations are greater, increasing the need for reserves.
Battery storage provides needed energy during these fluctuations and can absorb excess energy
when available, increasing the amount of total renewable energy utilized. In comparison, during
summer there is little excess renewable energy, and battery storage has almost no impact on
system operation. There are some gains in the spring and fall months, with slightly more gains in
the spring because capacity factors are higher in the spring. Therefore, while energy storage
helps increase the percentage of electricity generated from renewable sources during a day or a
week, it does not impact seasonal renewable energy generation patterns. This result is expected,
as small quantities of storage are intended to provide balancing on the hourly or daily scale;
different types of energy storage are utilized for seasonal storage. Refer to Section 2.3 for more
information on energy storage types.
It can also be see that although the percentage of electricity generated from renewable energy
increases by about 10% when 1 MWh of energy storage is added to the system, the storage itself
only provides roughly 1% of the annual electricity. The remaining 9% gain comes from an
increased use of renewable sources without the aid of the storage. This suggests that the storage
is acting as a spinning reserve, letting thermal generators turn off. Diesel generators must
maintain a minimum power output, and the spinning reserves sometime displace renewable
energy. By turning off the generators, additional renewable resources may be utilized. Section
5.5 discusses the use of energy storage as spinning reserves in more detail.
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A 0.4 -8% -21% -12% 0% -7% -8%
A 1 -13% -32% -19% -2% -11% -13%
A 2 -13% -31% -19% -2% -10% -13%
A 3 -13% -32% -19% -2% 41% -13%
A 5 -14% -34% -19% -3% -12% -14%
A 10 -15% -36% -20% -4% -13% -15%
A 20 -15% -37% -20% -4% -12% -15%
Annual Winter Spring Summer Fall
0 59% 80% 71% 39% 52% 0.0%
0.12 61% 83% 73% 39% 54% 0.3%
0.4 63% 89% 75% 39% 55% 0.6%
1 65% 93% 78% 39% 57% 1.0%
2 65% 93% 78% 39% 57% 1.2%
3 65% 93% 78% 39% 57% 1.2%
5 66% 94% 78% 39% 57% 1.3%
10 66% 94% 78% 39% 57% 1.4%
20 66% 95% 78% 39% 57% 1.4%
A 0.1 3% 4% 3% 0% 3% N/A
A 0.4 7% 12% 6% 0% 5% N/A
A 1 10% 16% 10% 0% 8% N/A
A 2 10% 16% 11% 0% 8% N/A
A 3 10% 17% 11% 0% 8% N/A
A 5 10% 18% 11% 0% 8% N/A
A 10 10% 18% 11% 0% 8% N/A
A 20 11% 18% 11% 0% 8% N/A
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Table 32: Model Results for a Year with Average Hydro Generation and Average Wind Speed,
with Incremental Levels of Energy Storage
5.5 Effectiveness of Using Energy Storage as Spinning Reserves
Comparing renewable energy generation with generation from storage in model runs showed that
only a small percentage of the extra renewable energy utilized was from storage generation itself;
the remainder came from utilizing a higher percentage of the available renewable energy. To
investigate further, four model runs were completed in which storage was not used as spinning
reserves. Results are in Table 33. It was found that there is little benefit to using energy storage
as a source of energy without also using as spinning reserves. Renewable energy generation
increased from 0% to 2%, depending on installed renewable capacity, and cost decreased only
about 2%, regardless of installed renewable capacity.
In comparison, when energy storage was used as spinning reserves, cost savings ranged from
15% to 23%, depending on installed renewable capacity, and renewable energy generation
increased from 10% to 12% depending on installed renewable capacity. This clearly shows that
energy storage provides the majority of its benefit from acting as a spinning reserve, allowing
diesel generators to shut down and the system to utilize renewable energy that would otherwise
be spilled. The associated costs savings are great because the operation, maintenance, and fuel
costs of the diesel generators are much greater than the cost to purchase renewable energy; the
cost to purchase renewable energy is 84 f/MWh, while total production costs of diesel
generation is 420 C/MWh.
Installed Diesel (MW): 3.7 Hydro Generation Level: Average
Installed Wind (MW): 0.6 Mean Wind Speed Level: Average
Installed Hydro (MW): 2.7 Annual Demand (MWh): 13,531
fM~ Reewales -C/~h eneabes E/MWh Renewables
None C 29 59% C 25 6% C 15 6%
1.0 MW Hydro ( 197 70% C 190 71% C 159 77%
1.0 MW Wind ( 187 73% C 183 74% C 145 82%
0.5 MW Wind; 0.5 MW Hydro I 191 72% C 186 72% C 151 80%
Table 33: Effectiveness of Using Energy Storage as Spinning Reserves
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5.6 Sensitivity to Diesel Price
A sensitivity analysis was performed for the cost of diesel to identify the impact of high prices
on the system. The price of diesel is volatile and may rise quickly, and it is important to
understand how this may impact operation costs. It would also be important to evaluate system
costs if a carbon tax were introduced, which would effectively raise the cost of diesel fuel. The
model was run with the price of 0.75 Euros per liter, and again with a price of 1.5 Euros per liter.
It was found that a cost increase of 33%, from 0.75 Euros per liter to 1.0 Euros per liter,
increased the overall system cost by 17%. Another increase of 50% to 1.5 Euros per liter
increased the overall system operating cost by 29%. These numbers suggest that as the price of
diesel increases, the overall cost increase will increase proportionally. Refer to Table 34 and
Figure 31.
The price of diesel oil was found to have little effect on the amount of renewable energy used.
Renewable energy is already being used to the maximum extent possible due to its cost savings
over diesel; even if fuel were free, it would still be cheaper to utilize renewables before using
fuel, causing the model to always use renewables to the maximum extent.
0.75
1.00
1.50
80%
80%
80%
Table 34: Diesel Price Sensitivity Analysis for a Year with Average Hydro Generation and Average
Wind Speed
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Sensitivity of Generation Cost to Fuel Price
C 400
C 350
C ~300
C 200 
-0--1.5 C/L
C 150 .
C 100
35% 45% 55% 65% 75% 85%
Percentage of Electricity Generated from Renewable Sources
Figure 31: Sensitivity of Generation Cost to Fuel Price
5.7 Reduction in Carbon Dioxide Emissions for Additional Capacity and Storage
For a year with average hydro generation and average wind speed, the fuel saved was calculated
for each increase in additional renewable capacity, with and without energy storage. The
associated reductions in carbon dioxide emissions were also calculated. It was found that adding
energy storage to the base 2018 electric system would result in an annual reduction of 735 tonnes
in carbon dioxide emissions, a reduction of 15%. Refer to Appendix M for detailed results.
5.8 Willingness to Pay for Additional Renewable Capacity and Storage
Table 35 lists the operating costs associated with adding various amounts of renewable capacity
with and without energy storage. Values were generated for a year with average hydro
generation and average wind speeds. The annual cost savings was determined, and the expected
pay-back period calculated. These values do not take into consideration the future value of
money, but are rather a straight payback period. Due to lower capital costs, additional wind
capacity has a shorter pay-back period than additional hydro capacity. Many of the scenarios
previously discussed had better outcomes with additional wind capacity than with a comparable
amount of additional hydro capacity, suggesting that additional wind capacity may be cheaper
and have better results than additional hydro capacity.
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The willingness to pay (WTP) for a 5 MWh battery system was calculated for each amount of
additional installed capacity. The WTP for a battery system is just under E400,000 when there is
no additional renewable capacity installed. Due to the performance similarities between a
1 MWh battery system and a 5 MWh battery system, discussed in Section 5.4, the WTP
calculated for 5 MWh of storage is roughly the same as the WTP for 1 MWh of storage. This is
based on usable capacity, rather than nameplate capacity.
island: Flores
Year: 2018 Renewable Electricity Target: 75%
Installed Diesel (MW): 3.7
Installed Wind (MW): 0.6
Installed Hydro (MW): 2.7
Investment Cost of Wind Capacity (C/kW): 1,600
Investment Cost of Hydro Capacity (t/kW): 5,000
Hydro Generation Level: Average
Mean Wind Speed Level: Average
Annual Demand (MWh): 13,531
Renewable Capacity Repetal CoEt ef Anua Years to Payback Added
AddedRenewable Energy Annual Operatn ost Annal Cost Savings Renewable Capacity
Source
None (Baseline) C - C 3,098,506 N/A 0
0.5 MW Hydro C 2,500,000 C 2,884,947 C 213,560 11.7
1.0 MW Hydro ( 5,000,000 C 2,667,065 C 431,441 11.6
0.5 MW Wind C 800,000 C 2,790,359 C 308,147 2.6
1.0 MW Wind C 1,600,000 C 2,534,155 2 564,351 2.8
0.5 MW Hydra & ( 3,300,000 ( 2,581,064 C 517,442 6.4
0.5 MW Wind _____________________________________
Renewable Capacity Capital Cost of Annual Cost Savings - Annual Willingness to
Added Renewable Energy Annual Operating Cost 2018 Baseline, No Pay (WTP) for Storage*Source, Minus Storage Storage (t/MWh-Year)
None (Baseline) C - ( 2,666,666 C 431,841 C 392,582
0.5 MW Hydro C 2,500,000 C 2,378,318 C 720,188 C 460,571
1.0 MW Hydro C 5,000,000 C 2,172,064 C 926,442 C 450,001
0.5 MW Wind C 800,000 C 2,268,607 C 829,900 C 474,321
1.0 MW Wind C 1,600,000 C 1,969,650 C 1,128,856 C 513,187
0.5 MW Wd & 3,300,000 ( 2,060,415 C 1,038,091 C 473,318
*A Carrying Charge of 10% is assumed; WTP is based on systems of equal renewable capacity
Table 35: Average Operating Cost of Different Capacity Levels, With and Without Storage
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS
6.1 Summary
The key insights from this research are below.
e Demand and renewable resource patterns across the Azores do not match; renewable
energy potential is highest in the winter, when electricity demand is low, and fairly low
in the summer when electricity demand is highest. Installing renewable capacity
designed to meet summer demand will result in excess generation potential in the winter,
while installing renewable capacity designed to meet winter demand does little to reduce
reliance on fossil fuel generation in the summer.
e Adding additional capacity always increased the amount of renewable energy generation
and reduced production cost. When hydro generation was higher than normal or when
wind generation was lower than normal, additional hydro capacity had the greatest
impact on reducing system cost and increasing renewable energy generation. Otherwise,
additional wind capacity had a greater impact on the system. Installed wind generation
has a higher capacity factor than installed hydro generation, and remains relatively high
during summer, which see the highest demand.
e In the absence of storage, the goal of generating 75% of electricity from renewable
sources was only met in a few situations. It was never met for a year of average hydro
generation and average wind generation, whose overall values are representative of a
typical year.
e Battery storage always increased the total renewable energy generation and decreased
costs. These changes were most dramatic when hydro generation or wind speed was
high.
e The majority of simulations did not achieve the goal of obtaining 75% of electricity from
renewable sources. When the goal was achieved, it was usually through using a
combination of additional renewable capacity and storage.
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" Adding storage was most effective in situations with high renewable generation potential
due to increased surplus energy and to thermal spinning reserves displacing renewable
generation.
e Battery storage was not effective in smoothing seasonal differences in renewable
generation patterns. Adding storage for a year with average hydro generation and
average wind speed raised the percentage of renewable generation in the winter from
80% to 94%, but had no impact on summer generation, which remained at 39%. Long-
term energy storage would be needed to help smooth these differences.
" Adding additional renewable capacity had more impact at increasing seasonal renewable
energy generation rates than adding storage because it increased the overall renewable
potential during seasons with low capacity factors.
e Regardless of the system's installed renewable capacity, adding storage increased the
percentage of electricity generated from renewable energy sources and decreased the
production cost.
e To reach very high penetration levels, both storage and additional capacity were needed.
Many simulations reached the goal of 75% renewable energy generation. However, this
may not be worth the trade off given the high capital costs of storage.
* The largest benefit from storage came from its use as a spinning reserve, displacing the
use of diesel generators. By allowing the diesel generators to shut down, more renewable
energy could be utilized.
e A small amount of storage had a large impact; increasing amounts of storage have
decreasing returns. For the 2018 Flores electric system, little additional value was
gained from storage beyond 1 MWh.
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e There was an annual cost savings of over E400,000 when 5 MWh of battery storage was
added to the system. The associated carbon emission reduction was 735 tonnes, a 15%,
reduction from the 4,828 tonnes emitted in the absence of storage.
e System operation was not sensitive to diesel costs. However, as the price of diesel
increased, the overall cost increased proportionally.
Other factors not mentioned in this research must also be taken into consideration. Ramping and
cycling diesel units on and off causes wear on diesel generators, increasing maintenance costs
and decreasing their lifetime. If diesel units are ramped or cycled heavily, increased operation,
maintenance, and capital costs for replacements units should be considered when evaluating the
costs for adding additional renewable capacity. Energy storage may help lessen wear on the
generators by providing needed ramping. This is not captured in the model, and it may be a
hidden savings of adding battery storage.
The hydro storage present on Flores is much greater than the level of energy storage which was
found to be effective for the island. As a result, it is possible that energy storage is less useful in
this island than in neighboring islands, because a lot of energy storage needs in Flores may
already be met.
No maximum level of renewable penetration was found beyond which additional renewable
capacity did not benefit the system. This is in contrast to studies discussed in 2.4 which found
that high levels of renewable energy are difficult to achieve because thermal generators must be
kept on as spinning reserves. However, it is possible that this may occur at levels of renewable
capacity larger than what were investigated in this research, particularly in the absence of
storage. In addition, this research only evaluated the system at an hourly scale, ignoring
interactions within the hour. Quick fluctuations are hidden, possibly leading to results showing
that increasing renewable energy capacity always increases renewable energy generation and
decreases costs.
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6.2 Policy Imolications
Obtaining a high renewable penetration rate would have many benefits, including lower carbon
emissions, producing a large amount of electricity at home, and a savings in production costs. It
would also help the region become "greener", a popular goal with the growing concern over
pollution and climate change. However, the Azores region may find that when the capital costs
of additional renewable energy capacity and storage are considered, obtaining 75% of its
electricity from renewable energy sources is not economical. Renewable capacity and energy
storage have high up-front costs, and savings are not realized for many years. In the long-term,
many investments in equipment result in savings due to the long lifetime of equipment.
However, in today's trying financial climate, most countries opt for the cheapest first cost option,
choosing not to spend money they don't have on issues that are not critical. Concern is over the
present state, and less emphasis is placed onto the future. However, added capacity or energy
storage comes with the benefits discussed above, and these benefits and the decision of where the
country sees itself must also be considered when analyzing the economic choice to invest in the
electric grid.
In addition, it is likely that in the future a carbon tax will be imposed. As this happens, the cost
of diesel fuel will increase, proportionally increasing the production cost of electricity. If this
happens, storage and additional renewable capacity will become more economical by allowing
the system to be less reliant on fossil fuel. This will increase the attractiveness of these added
features.
6.3 Future work
This work did not assess demand fluctuations within the hour. Fluctuations of renewable energy
sources, particularly wind, may be great within an hour time period; however, these fluctuations
are hidden in the average hourly values used for this research. As a result, energy storage could
be even more useful than it appears, as the time scale used may have been too large to see the
full impacts and benefits that short-term storage has on an electricity system. These intra-hour
fluctuations should be analyzed to evaluate the impact and usefulness of energy storage and
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added renewable capacity. For example, the above methodology could be repeated using data in
15-minute increments, if not smaller.
Frequency control was also not evaluated. Frequency control, discussed briefly in Section 2, is
an important consideration when increasing penetration levels of renewable energy, and it must
be evaluated before additional capacity is installed.
In addition, other islands with wind and hydro generation, specifically Faial and Terceira, may
have a larger need for battery storage. These islands currently lack any type of storage, and
experience stronger seasonal generation patterns than those in Flores. Hydro, in particular,
disappears in the summer months, making high penetration of renewable energy difficult. A
higher amount of wind energy may be desirable on these islands due to the year-round presence
of wind. However, wind energy is more variable and harder to predict than hydro energy,
lending these islands to a greater need for storage. The methodology in this paper could be
repeated for these islands to determine the extent to which energy storage or additional
renewable capacity allow these islands to decrease their electricity production costs and increase
their annual renewable generation.
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APPENDIX A: AZORES PLANNED CAPACITY EXPANSION, DETAILED
Investments in Renewable Energy - Azores
Location Type of Investment Power to Install Year(kW) Iardictin)
Santa Maria Wind Figueiral Wind Park Capacity Increase 660 2011
Geothermal Pico VermelhoGeothermal Plant apacity Increase 10000 2013
Sio Miquel Geothermal Caldeiras New Plant 8000 to 12000 2013
Geothermal Ribeira Grande
Geothermal Plant Capacity Increase 3000 2010
Wind Graminhais Wind Park New Plant 9000 2011
Terceira Geothermal Pico Alto New Plant 12000 Pending
Graciosa Wind Serra Branca Wind Park Capacity Increase 660 2011
S~o Jorge Wind Pico da Urze Wind Park Capacity Increase 990 2011
Hydro Fajs de SAo Joao New Plant 980 2011
Pico Wind Terras do Canto Wind Park Capacity Increase 660 2011
Faial Wind Still Unknown New Plant 990 2011
Hydro Alem-Fazenda Capacity Increase/ 1600 2011Flores Improvement
Hydro Ribeira Grande New Plant 1040 2012
sland Generating Power to Install Year
Technology (MW) (prediction)
Diese/Fuel Aeroporto Power Plant Generating Unit Replacement 1.5 2009
Santa Maria Diese/Fuel Aeroporto Power Plant Generating Unit Replacement 1.5 2010
Diese/Fuel Aeroporto Power Plant Generating Unit Replacement 1.5 2010
Sso Miquel Fuel Caldeir5o Power plant Capacity Increase (a) 16.82 (a) 2015Generating Unit Replacement (b) 2 X 12 (b)
Terceira Fuel Belo Jardim Power Plant Capacity Increase 12.3 Pending
Graciosa Diesel Graciosa Power Plant Generating Unit Replacement 0.81 2013
Diesel/Fuel Caminho Novo Power Plant Generating Unit Replacement 1.62 2009
S5o Jorge Diesel/Fuel Caminho Novo Power Plant Generating Unit Replacement 1.62 2010
Diesel/Fuel New Power Plant Capacity Increase 2 X 1.62 2017
Pico Fuel New Power Plant Capacity Increase 3.38 2010
Faial Fuel Sta. B rbara Power Plant Generating Unit Replacement 3.71 2010
Flores Diesel New Power Plant Capacity Increase 2 X 0.96 2010
Corvo Diesel Corvo Power Plant Capacity Increase 0.16 2016
(EDA, 2009)
*Not shown are plans to retire a 0.5 MW diesel generator on Flores and updated plans for a 3.0 MW
geothermal plant on Terceira. (Mendonca F. E., 2010)
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APPENDIX B: 8760'S FOR THEAZORES
Sio Miguel - Normalized Demand - Normalized to Maximum in Each Year
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Note: A new geothermal plant came online in later 2006, reflected a higher capacity factor.
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Sio Miguel - Existin2 Hvdro Cavacity Factor
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Terceira - Normalized Demand - Normalized to Maximum in Each Year
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Terceira - Existing Wind Capacity Factor
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Faial - Normalized Demand - Normalized to Maximum in Each Year
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Pico - Normalized Demand - Normalized to Maximum in Each Year
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Note: The cause of the sudden demand drop in 2007 is unclear. It was not investigated in this
research.
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Santa Maria - Normalized Demand - Normalized to Maximum in Each Year
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Graciosa - Normalized Demand - Normalized to Maximum in Each Year
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Flores - Normalized Demand - Normalized to Maximum in Each Year
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APPENDIX C: GAMS MODEL CODE
*Developed from the Stochastic Unit Commitment model from ESD.865 taught by Mort Webster, with heavy
referencing to the COMIDAS model
*-errmsg= 1
option optcr=.02
SETS
hr Hour of the day /1 * 168/
TG Thermal Generators D is for diesel /D1, D2, D3, D4, D5, D6/
S Scenarios / 1 *9 /
GENPARAMS variables /VOM, alpha, Pmax, Pmin, Startup, Beta, PRampUp, PRampDown/;
TABLE pGenData(TG, GENPARAMS) Generation data table
VOM alpha Pmax Pmin Startup Beta PRampUp
* [C/MWh] [MTh per MWh] [MW] [MW] [C/start-up] [MTh per h]
D1 104 .0022 .4 .12 250 .00070 .25 .25
D2 104 .0022 .5 .18 250 .00050 54 54
D3 104 .0022 0 0 250 .00090 .25 .25
D4 104 .0022 .8 .30 250 .0003 54 54
D5 104 .0022 .9 .38 250 .0003 54 54
D6 104 .0022 .9 .38 250 .0003 54 54
PRampDown
[MW/hr] [MW/hr]
*Beta is fixed fuel consumption of the thermal generator Should be .00063 for all; changed according to age
*Alpha is the variable fuel consumption of the thermal generator
*Gen 7 from 1991; Gen 8 from 1995; Gen 9 from 1979; Gen 10 from 2005
*Generator 8 is retired in 2011. Used only in 2008 model runs. details are below.
*D3 104 .0022 .5 .18 250 .00090 .25 .25
*D5 and D6 are the generators. Only used in 2014 and 2018 model runs. They are referred to as Generator 1 and
Generator 2
*Pcontinuous .3 for dl, .45 for d2, .45 for d3, and .75 for d4 per EDA
*The following need to be updated based on scenario and season.
$include c:\Users\Pam\Documents\GAMS Models\Flores\Demand Fall.gms
$include c:\Users\Pam\Documents\GAMS Models\Flores\Wind Fall Average.gms
$include c:\Users\Pam\Documents\GAMS Models\Flores\Hydro Fall High.gms
PARAMETER
pDemandGrowth % total demand growth from 2008 to current year in model;
pDemandGrowth = 10;
*Winter has 6% growth to 2014 and 2018
*Spring has 19% growth to 2014 and 24% to 2018
*Summer has 17% growth to 2014 and 22% to 2018
*Fall has 10% growth to 2014 and 2018
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PARAMETER
pWindScalar wind scalar depends on season;
pWindScalar = .74;
*Winter .6
*Spring .69 adjust to .56
*Summer .71
*Fall .74
PARAMETER
pWExtra Extra installed wind capacity in MW;
pWExtra = 0
PARAMETER
pHExtra Extra installed hydro capacity in MW;
pHExtra =0
PARAMETER
pDemand(hr) demand in MW;
pDemand(hr) = (1+pDemandGrowth/100)*(pDemandkW(hr)/1000);
*The following parameters set the cost for diesel fuel, hydro, and wind energy
PARAMETER
pDieselcost Cost of diesel in Euros per L
pDieselCost = 1;
PARAMETER
pFcost Cost of fuel in Euros per MTh
pFcost = pDieselCost/8.838*1000000;
*8.838 Th in 1 Liter
PARAMETER
pHcost Cost of Hydro in C per MWh;
pHcost = 84;
PARAMETER
pWcost Cost of Wind in C per MWh;
pWcost = 84;
PARAMETER
pRampCost Cost of Wind in f per MW;
pRampCost = 100;
*The following parameters set the installed renewable capacity
PARAMETER
pWinst Set installed wind in MW;
pWinst = .600 + pWExtra;
PARAMETER
pHinst Set installed hydro in MW;
pHinst = 2.700 + pHExtra;
*The following parameters set hydro storage details
PARAMETER
pHSinst Set hydro storage capacity MWh;
pHSinst = 6;
PARAMETER
pHydroSinitial Set initial hydro level in dam;
pHydroSinitial = .75*pHSinst;
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PARAMETER
pHydroSfinal Set final hydro level in dam;
pHydroSfinal = pHydroSinitial;
PARAMETER
pHydroSRate Set final hydro level in dam;
pHydroSfinal = pHydroSinitial;
PARAMETER
pHydroRamp Set ramping rate for hydro in MW per hr;
pHydroRamp = .2
*The following parameters set battery details
PARAMETER
pSinst Set installed storage in MWh;
pSinst = 0;
PARAMETER
pSefficient Set storage efficiency;
pSefficient = .85;
PARAMETER
pSinitial Set initial battery level;
pSinitial = pSinst * 0.25;
PARAMETER
pStorageFinal Set final battery level;
pStorageFinal = pSinitial;
Wind Level for each scenario (1 4 7 are low) (2 5 8 are medium) (3 6 9 are high)
1 0.85
2 1.00
3 1.15
4 0.85
5 1.00
6 1.15
7 0.85
8 1.00
9 1.15
/;
PARAMETER
Hu(S)
1 0.95
2 0.95
3 0.95
4 1.00
5 1.00
6 1.00
7 1.05
8 1.05
9 1.05
Hydro Level for each scenario (1 2 3 are Low) (4 5 6 are medium) (7 8 9 are high)
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PARAMETER
Wu(S)
PARAMETER prob(S) Probability of each scenario
1 .026
2 .109
3 .026
4 .109
5 .460
6 .109
7 .026
8 .109
9 .026
/;
PARAMETER
pWind(hr) Array with hourly wind generation in MWh;
pWind(hr) = pWindScalar * pWcap(hr)*pWinst;
PARAMETER
pWindPotential(hr,S) Parameter calculating the potential (not actual generation) of wind in each scenario in
MW;
pWindPotential(hr,S) = pWind(hr)* Wu(S);
PARAMETER
pHydro(hr) Array with hourly hydro inflow in MWh;
pHydro(hr) = pHcap(hr)*pHinst;
PARAMETER
pHydroPotential(hr,S) Parameter calculating the potential (not actual generation) of hydro in each scenario
in MW;
pHydroPotential(hr,S) = pHydro(hr)*Hu(S);
PARAMETER
pReserves(hr,S) Set spinning reserves (MW);
pReserves(hr,S)= .40* pDemand(hr);
PARAMETER
pGenResults(TG,hr,S) Table recording the output level of the power plants in each demand level in MWh
Variable
vCost Total cost
vNetStorageGen(hr,S) NetGenerationFromStorage;
Positive variables
Gen(TG,hr,S)
vStartUpCost
vGenerationCost(S)
vRenewableCost(S)
vTotalCost(S)
vRampCost(S)
vWindGen(hr,S)
vWindCurtail(hr,S)
Generation of each plant in each hr in MWh
Total cost from starting up the thermal generators
Total cost from thermal generation for scenario S
Total cost from renewable generation for scenario S
Total cost for a given scenario S
Ramping cost for scenario S (in order to minimize ramping)
Total generation form wind
Surplus wind that could have been used for generation but wasn't
vHydroGen(hr,S) Total hydro generated
vHydroGenRiver(hr,S) Hydro generated from the river
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vHydroGenRes(hr,S) Hydro generated from the dam
vHydroln(hr,S) Hydro flowing into the dam
vHydroOverflow(hr,S) Excess hydro flowing over the dam without being used to generate electricity
vHydroStorage(hr,S) Energy capacity stored in dam in MWh
vSurplusRenewables(hr,S) Total renewables that were not used
vPminTot(hr)
is the same
Total mimimum power at each hour. Same for all scenarios because on-off determination
vStorage(hr,S) Energy capacity of battery in MWh
vStorageGen(hr,S) Generation from Storage in each hour
vStorageWindln(hr,S) Wind energy going into storage each hour
vStorageHydroln(hr,S) Hydro energy going into storage each hour
vStorageln(hr,S) Total energy going into the battery each hour
vStorageOut(hr,S) Total energy leaving the batter each hour before losing efficiency
Binary variables
vU(TG,hr) Unit commitment state for generator TG in hr [0 1]
vUp(TG,hr) Binary variable to start up generator TG in hr [0 1]
vDown(TG,hr) Binary variable to shut down generator TG in hr [0 1];
Equations
eCost Objective function
eTotalCost(S) Total cost for a given scenario S
eStartupCost Total start-up costs
eGenerationCost(S) Total generation cost
eRenewableCost(S) Total cost for renewable generation plus battery
eRampCost(S)
ePmax(TG,hr,S) Observe supply limit at plant TG
ePmin(TG,hr,S) Output greater than Pmin
ePminTot(hr) Total minimum generation for each hour
eState(TG,hr) Compute unit commitment states
eRAMPup(TG,hr,S) Limit for upward ramp
eRAMPdown(TG,hr,S) Limit for downward ramp
eHydroRampUp(hr,S)
eHydroRampDown(hr,S)
eDemand(hr,S) Satisfy total demand
eHydrolnflow(hr,S) Calculates how much water (MWh equivalent)
scenario
eHydroOverflow(hr,S)
eHydroGenRes(hr,S)
eHydroGen(hr,S)
eHydroRes(hr,S) Calculates how many MWh to use or put into h
eHydroGenMax(hr,S)
is flowing into the reservoir in each
ydro storage
eWindCurtail(hr,S) Calculates amount of wind curtail
eWindGenMax(hr,S)
eStorage(hr,S)
eStorageGen(hr,S)
eStorageln(hr,S)
Calculates amount of energy to take from or put into storage
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eNetStorageGen(hr,S)
eStorageOut(hr,S)
eSurplusRenewables(hr,S)
eReserves(hr,S)
eCost.. vCost =e= sum((S),vTotalCost(S)*prob(S));
*Total cost of each senario is the startup cost plus the generation cost for that scenario
eTotalCost(S).. vTotalCost(S) =e= vStartUpCost + vGenerationCost(S) + vRenewableCost(S)+
vRampCost(S);
*Startup Cost is the sum of the amount of times each generation has turned on times the cost of the startup (for each
generator)
eStartupCost.. vStartUpCost =e= sum((TG,hr), vUp(TG,hr)*pGenData(TG,'Startup'));
*For each scenario, generation cost is the summation of O&M, fixed fuel costs, and variable fuel costs
eGenerationCost(S).. vGenerationCost(S) =e= sum((TG),
sum(hr,(pGenData(TG,'VOM') *Gen(TG,hr,S)) )+
sum(hr,(pGenData(TG,'alpha')*Gen(TG,hr,S)* pFcost))+
sum(hr,(pGenData(TG,'beta') *vU(TG,hr) * pFcost))
eRenewableCost(S).. vRenewableCost(S) =e= sum((hr),
(pHcost * vHydroGen(hr,S)) +
(pWcost * vWindGen(hr,S)) +
(pWcost * vStorageWindln(hr,S)/(pSefficient*pSefficient)) +
(pHcost * vStorageHydroln(hr,S)/(pSefficient*pSefficient)) +
(vWindCurtail(hr,S)*pHcost) +
(vHydroOverflow(hr,S)*pWcost)
eRampCost(S).. vRampCost(S) =e= sum((TG),
sum(hr,(Gen(TG,hr,S)- Gen(TG,hr-1,S))*pRampCost)
*Pmin and Pmax cannot be violated. For every scenario, the output of a certain generator must be greater than Pmin
and less than Pmax
ePmax(TG,hr,S).. Gen(TG,hr,S) =1= vU(TG,hr)*pGenData(TG,'Pmax');
ePmin(TG,hr,S).. Gen(TG,hr,S) =g= vU(TG,hr)*pGenData(TG,'Pmin');
*Determine the mimimum generation that must be maintained for each hour.
ePminTot(hr).. sum(TG, vU(TG,hr)*pGenData(TG,'Pmin')) =e= vPminTot(hr);
*For every scenario, the total demand must be met by the sum of generator output, wind generation, hydro
generation, and energy stored.
*Minimum deisel generation for any hour must be vPminTot; extra renewable energy can be curtailed.
eDemand(hr,S).. sum(TG, Gen(TG,hr,S)) + vWindGen(hr,S) + vHydroGen(hr,S) + vStorageGen(hr,S)
=E= pDemand(hr);
eHydroOverflow(hr,S).. vHydroOverflow(hr,S) =E= pHydroPotential(hr,S) - vHydroGenRiver(hr,S) -
vHydroln(hr,S) - vStorageHydroln(hr,S);
eHydrolnflow(hr,S).. vHydroln(hr,S) =L= pHSinst - vHydroStorage(hr,S);
eHydroRes(hr,S).. vHydroStorage(hr,S) =E= pHydroSinitial $ (ORD(hr) = 1)+ vHydroStorage(hr-1, S) $
(ORD(hr) > 1) + vHydroln(hr,S) - vHydroGenRes(hr,S) ;
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eHydroGenRes(hr,S).. vHydroGenRes(hr,S) =L= vHydroStorage(hr,S);
eHydroGen(hr,S).. vHydroGen(hr,S) =E= vHydroGenRiver(hr,S) + vHydroGenRes(hr,S);
eHydroGenMax(hr,S).. vHydroGen(hr,S) + vStorageHydroln(hr,S) =L= pHinst;
eStorage(hr,S).. vStorage(hr,S) =E= pSinitial $ (ORD(hr) = 1) + vStorage(hr-1, S) $ (ORD(hr) > 1) +
vStorageln(hr,S) - vStorageOut(hr,S) ;
eStorageOut(hr,S).. vStorageOut(hr,S) =L= vStorage(hr,S);
eStorageln(hr,S).. vStorageln(hr,S) =E= pSefficient*(vStorageWindln(hr,S) +
vStorageHydroIn(hr,S));
eNetStorageGen(hr,S).. vNetStorageGen(hr,S) =E= vStorageGen(hr,S) - vStorageln(hr,S);
eStorageGen(hr,S).. vStorageGen(hr,S) =E= pSefficient *vStorageOut(hr,S) ;
eWindCurtail(hr,S).. vWindCurtail(hr,S) =E= pWindPotential(hr,S) - vWindGen(hr,S) -
vStorageWindln(hr,S);
eWindGenMax(hr,S).. vWindGen(hr,S) + vStorageWindln(hr,S) =L= pWinst
eSurplusRenewables(hr,S).. vSurplusRenewables(hr,S) =E= vWindCurtail(hr,S) + vHydroOverflow(hr,S);
*Set ramping constraints
eRAMPup(TG,hr,S).. Gen(TG,hr,S)- Gen(TG,hr-1,S) =L= pGenData(TG,'PRampUp');
eRAMPdown(TG,hr,S).. Gen(TG,hr-1,S)- Gen(TG,hr,S) =L- pGenData(TG,'PRampDown');
eHydroRampUp(hr,S).. vHydroGen(hr,S)- vHydroGen(hr-1,S) =L= pHydroRamp ;
eHydroRampDown(hr,S).. vHydroGen(hr-1,S)- vHydroGen(hr,S) =L= pHydroRamp;
*Decide on/off state of generators
eState(TG,hr).. vU(TG,hr) =E= vU(TG,hr--1) + vUp(TG,hr) - vDown(TG,hr);
eReserves(hr,S).. SUM[TG,(vU(TG,hr)*pGenData(TG,'Pmax')- Gen(TG,hr,S))] +
vSurplusRenewables(hr,S) + vStorage(hr,S) =G= pReserves(hr,S);
MODEL FloresJuly25 includes all equations /all/;
*set upper bounds on variables
vHydroGen.UP(hr,S) = pHinst
vStorage.UP(hr,S) = pSinst ;
vHydroStorage.UP(hr,S) = pHSinst
*Set final level on storage reservoir and battery level
vHydroStorage.fx(hr,S)$[ORD(hr) = 168] = pHydroSfinal
vStorage.fx(hr,S) $[ORD(hr) = 168] = pStoragefinal;
SOLVE FloresJuly25 using MIP minimizing vCost;
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APPENDIX D: FLORES GENERATOR DATA
2011 LEROY-SOMER LSA 52.2 XL80 MAN 5L21/31 956 956 380
2011 LEROY-SOMER LSA 52.2 XL80 MAN 5L21/31 956 956 380
New Diesel Plant
Gen 1
Gen 2
New Diesel Plant
Gen 1
Gen 2
(EDA, 2011)
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APPENDIX E: OPERATION AND MAINTENANCE COSTS OF THE GENERATORS ON FLORES
uiesei 1 U4 Uperation and Maintanence
Hydro 84 Purchase Price*
Wind 84 Purchase Price*
*Renewable Energy was purchased for a fixed price of 84 E/MWh in 2008.
(EDA, Custos Totais de Produgio - Resumo por Central, 2008)
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APPENDIX F: CAPITAL COSTS OF THE GENERATORS ON FLORES
Fuel___ Unit Power (K) Cost KW
1000-3000 3650
Heavy Fuel 4000-6000 1990
7000-11000 1150
12000-17000 1090
Diesel 1500 2800
(EDA, 2009)
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APPENDIX G: MODEL RESULTS FOR ADDING ADDITIONAL RENEWABLE ENERGY CAPACITY
sland: Flores
Year: 2018 Renewable Electricity Target 75%
installed Diesel (MW): 3.7
Installed Wind (MW): 0.6
Installed Hydro (MW): 2.7
59%
65%
70%
67%
73%
72%
SUo
85%
90%
85%
89%
90%
Hydro Generation Level: Average
Mean Wind Speed Level: Average
Annual Demand (MWh): 13,531
/170
76%
81%
77%
82%
82%
44%
49%
47%
54%
52%
,)Z70
58%
63%
62%
69%
67%
t,U41
8,777
9,451
9,040
9,851
9,682
A.5 A9% 6% 7% 14% 12% 9%
A1 A 18% 13% 15% 25% 21% 18%
A 0 A.5 12% 6% 9% 22% 18% 12%
A0 Al 22% 11% 17% 39% 32% 22%
A.5 A.5 20% 12% 16% 33% 27% 20%
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0.5
1
0
0
0.5
Island: Flores
Year: 2018 Renewable Electricity Target: 75%
Installed Diesel (MW): 3.7
Installed Wind (MW): 0.6
Installed Hydro (MW): 2.7
Hydro Generation Level: High
Mean Wind Speed Level: Average
Annual Demand (MWh): 13,531
i/I
151
134
157
143
138
I Zj
104
94
113
101
95
100
147
125
151
131
132
214
196
180
203
191
184
168
147
127
152
139
132
2,314,296
2,038,524
1,807,764
2,120,163
1,928,417
1,864,992
A .5 A 0 -12% -20% -12% -8% -12% -12%
A 1 A 0 -22% -27% -25% -16% -24% -22%
A 0 A .5 -8% -12% -9% -5% -9% -8%
A 0 A 1 -17% -22% -21% -11% -17% -17%
A .5 Aj.5 -19% -26% -21% -14% -21% -19%
W ~Annual Winter Spring Summer Fall Annual MWh.
0 0 78% 90% 80% 64% 79% 10,505
0.5 0 83% 96% 85% 70% 85% 11,259
1 0 88% 99% 91% 75% 90% 11,899
0 0.5 82% 94% 85% 68% 83% 11,074
0 1 85% 97% 89% 71% 87% 11,540
0.5 0.5 87% 98% 90% 73% 89% 11,725
A .5 A 0 7% 7% 6% 8% 7% 7%
A 1 A 0 13% 10% 13% 16% 14% 13%
A 0 A.5 5% 5% 6% 6% 6% 5%
A 0 A1 10% 8% 11% 10% 10% 10%
A .5 A .5 12% 9% 12% 13% 12% 12%
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Island: Flores
Year: 2018 Renewable Electricity Target: 75%
Installed Diesel (MW): 3.7
Installed Wind (MW): 0.6
Installed Hydro (MW): 2.7
Z /4
261
246
246
222
233
A1 A 0
0 A.
A0 A
A.5
-5%
-10%
-10%
-19%
-15%
219
198
183
191
170
177
-9%
-16%
-13%
-22%
-19%
Hydro Generation Level: Low
Mean Wind Speed Level: Average
Annual Demand (MWh): 13,531
242 328 294
234 318 282
212 307 270
215 300 266
190 278 241
203 288 254
-3%
-12%
-11%
-22%
-16%
-3%
-6%
-9%
-15%
-12%
-4%
-8%
-10%
-18%
-14%
Anual Winter Spring Summer Fall Annual MWh
0 0 46% 64% 57% 28% 38% 6,204
0,5 0 50% 69% 61% 31% 43% 6,801
1 0 55% 74% 67% 35% 47% 7,426
0 0.5 55% 72% 66% 37% 49% 7,433
0 1 63% 78% 74% 44% 57% 8,475
0.5 0.5 59% 76% 71% 40% 53% 8,010
A.5 a 0 10% 9% 7% 11% 12% 10%
A I a 0 20% 17% 18% 23% 23% 20%
A 0 A.5 20% 13% 15% 31% 27% 20%
A 0 A 1 37% 23% 30% 57% 50% 37%
A .5 A .5 29% 20% 25% 42% 39% 29%
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3,700,989
3,530,647
3,332,641
3,324,685
3,008,525
3,158,145
-5%
-10%
-10%
-19%
-15%
Island: Flores
Year: 2018 Renewable Electricity Target: 75%
Installed Diesel (MW): 3.7
Installed Wind (MW): 0.6
Installed Hydro (MW): 2.7
Hydro Generation Level: Average
Mean Wind Speed Level: High
Annual Demand (MWh): 13,531
1
0
0
0.5
z ly
202
186
191
168
175
1.5s
137
118
135
116
117
I jL
175
157
171
146
151
zi/s
260
249
240
217
228
zf+U
223
208
207
184
195
2,956,563
2,729,792
2,517,107
2,580,971
2,273,314
2,373,090
A£.5 A 0 -8% -13% -9% -5% -7% -8%
A 1 A 0 -15% -25% -18% -9% -14% -15%
A 0 A.5 -13% -15% -11% -12% -14% -13%
A 0 A 1 -23% -27% -24% -21% -23% -23%
A£.5 A .5 -20% -26% -21% -16% -19% -20%
Annua% Winter Sprin Summer Fall Annual MWh
0 0 63% 82% 72% 45% 57% 8,512
0.5 0 68% 87% 78% 50% 62% 9,229
1 0 73% 92% 82% 54% 66% 9,840
0 0.5 72% 88% 79% 57% 67% 9,739
0 1 79% 93% 85% 66% 74% 10,653
0.5 0.5 76% 93% 83% 61% 71% 10,305
A.5 A 0 8% 7% 8% 11% 9% 8%
A 1 A 0 16% 13% 14% 21% 17% 16%
£10 A.5 14% 7% 9% 28% 18% 14%
A 0 A 1 25% 14% 18% 47% 31% 25%
A .5 A.5 21% 13% 15% 37% 25% 21%
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island: Flores
Year: 2018 Renewable Electricity Target: 75%
Installed Diesel (MW): 3.7
Installed Wind (MW): 0.6
Installed Hydro (MW): 2.7
Hydro Generation Level: Average
Mean Wind Speed Level: Low
Annual Demand (MWh): 13,531
247
230
210
235
226
215
-7%
-15%
-5%
-9%
-13%
A 1
A .5
183
164
135
171
170
148
-11%
-26%
-7%
-7%
-19%
205 318 270
190 300 251
168 286 234
184 311 257
169 305 245
164 293 239
-7%
-18%
-10%
-17%
-20%
-6%
-10%
-2%
-4%
-8%
-7%
-13%
-5%
-9%
-12%
& a
I,i4/,ij /
3,109,576
2,837,694
3,173,450
3,056,207
2,907,816
-7%
-15%
-5%
-9%
-13%
A.5 a 0 10% 7% 8% 17% 12% 10%
A 1 A 0 20% 15% 16% 33% 24% 20%
A 0 A.5 7% 4% 9% 7% 10% 7%
A 0 A 1 12% 6% 16% 13% 17% 12%
A.5 A.5 17% 11% 17% 23% 22% 17%
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A 1
A 0
A 0
A .5
_
APPENDIX H: MODEL RESULTS FOR AVERAGE HYDRO GENERATION AND AVERAGE WIND
SPEED
Island: Flores
Year: 2018 Renewable Electricity Target: 75%
Installed Diesel (MW): 3.7
Installed Wind (MW): 0.6
Installed Hydro (MW): 2.7
229
197
195
-14%
-15%
164
109
104
198
160
159
Hydro Generation Level:
Mean Wind Speed Level:
Annual Demand (MWh):
290
282
279
252
221
222
-I 9
-34%
-37%
-19%
-20%
-3%
-4%
-12%
-12%
__________________ 
a
A5 10% 18% 11% 0% 8% N/A
A20 11% 18% 11% 0% 8% N/A
141
Average
Average
13,531
3,098,506
2,666,666
2,637,208
-14%
-15%
Island: Flores
Year: 2018 Renewable Electricity Target: 75%
Installed Diesel (MW):
Installed Wind (MW):
Installed Hydro (MW):
3.7
0.6
3.2
Hydro Generation Level: Average
Mean Wind Speed Level: Average
Annual Demand (MWh): 13,531
A 20 1
12%
12%
17%
17%
16% 0% 9%
17% 0% 10%
.1 1 -
142
N/A
N/A
Island: Flores
Year: 2018 Renewable Electricity Target: 75%
Installed Diesel (MW): 3.7
Installed Wind (MW): 1.6
Installed Hydro (MW): 2.7
Hydro Generation Level: Average
Mean Wind Speed Level: Average
Annual Demand (MWh): 13,531
--19% 34% -30% -8% -16% -19%
A2 j -21% -34% -37% -8% -19% -21%
Annual Winter S ri Summer Fall
0 70% 90% 81% 49% 63% 0.0%
5 77% 100% 92% 49% 69% 1.6%
20 78% 100% 97% 49% 72% 3.1%
A5 10% 11% 14% 1% 10% N/A
A 20 12% 11% 19% 1% 14% N/A
143
Island: Flores
Year: 2018 Renewable Electricity Target: 75%
Installed Diesel (MW):
Installed Wind (MW):
Installed Hydro (MW):
A 20I 12%12%
3.7
1.1
2.7
Hydro Generation Level: Average
Mean Wind Speed Level: Average
Annual Demand (MWh): 13,531
17%
18%
17% 1% 9%
17% 1% 10%
IN
144
N/A
N/A
island: Flores
Year: 2018 Renewable Electricity Target: 75%
Installed Diesel (MW): 3.7
Installed Wind (MW): 1.6
Installed Hydro (MW): 2.7
Hydro Generation Level: Average
Mean Wind Speed Level: Average
Annual Demand (MWh): 13,531
73%
81%
82%
89O
100%
100%
97%
98%
5470
56%
56%
69%
77%
78%
0.0%
1.2%
1.5%
A 5 12% 12% 18% 4% 12% N/A
A 20 13% J 12% 19% 4% 14% N/A
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Island: Flores
Year: 2018 Renewable Electricity Target: 75%
Installed Diesel (MW): 3.7
Installed Wind (MW): 1.1
Installed Hydro (MW): 3.2
Hydro Generation Level:
Mean Wind Speed Level:
Annual Demand (MWh):
128
85
85
159 253 210
104 233 172
99 233 169
2,060,415
2,034,509
-20% -30% -24% 0% -9% -20%
-21% -34% -38% -8% -20% -21%
Annual Winter Spring Summer Fall
72% 90% 82% 52% 67% 0.0%
79% 100% 95% 53% 74% 1.4%
80% 100% 97% 53% 75% 2.4%
11%
11%
16%
19%
3%
2%
11%
13%
I I
N/A
N/A
146
Average
Average
13,531
191
152
150
K-
A 20 11%12%
APPENDIX 1: MODEL RESULTS FOR HIGH HYDRO GENERATION AND AVERAGE WIND SPEED
Island: Flores
Year: 2018 Renewable Electricity Target: 75%
Installed Diesel (MW):
Installed Wind (MW):
Installed Hydro (MW):
I 17125
124
3.7
0.6
2.7
129
85
85
Hydro Generation Level:
Mean Wind Speed Level:
Annual Demand (MWh):
166 214 168
112 180 117
106 183 113
High
Average
13,531
2,314,296
1,697,457
1,678,430
-27% -34% -33% -16% -30% -27%
-27% -34% -36% -15% -32% -27%
2O
78%
88%
89%
90%
100%
100%
80%
93%
94%
64%
71%
71%
79%
91%
92%
U. U%
0.6%
1.3%
5 14% 11% 16% 11% 16% N/A
A 20 14% 11% 18% 11% 17% N/A
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Island: Flores
Year: 2018 Renewable Electricity Target: 75%
Installed Diesel (MW): 3.7
Installed Wind (MW): 0.6
Installed Hydro (MW): 3.2
Hydro Generation Level: High
Mean Wind Speed Level: Average
Annual Demand (MWh): 13,531
104
85
85
147 196 147
93 153 96
90 149 94
2,038,524
1,468,864
1,435,763
-28% -18% -37% -22% -35% -28%
-30% -18% -39% -24% -36% -30%
Annual Winter Spring Summer Fall
83% 96% 85% 70% 85% 0.0%
93% 100% 98% 80% 97% 0.6%
94% 100% 99% 81% 98% 1.3%
4%
4%
15% 14% 15%
17% 16% 16%
N/A
N/A
148
151
109
106
K-
A 5 12%
A 20 1 13%
Island: Flores
Year: 2018 Renewable Electricity Target: 75%
Installed Diesel (MW): 3.7
Installed Wind (MW): 0.6
Installed Hydro (MW): 3.7
1-4
102
99
Hydro Generation Level: High
Mean Wind Speed Level: Average
Annual Demand (MWh): 13,531
125
89
87
isu
141
135
iz/
88
85
1,807,764
1,380,292
1,340,364
A 5 -24% -10% -28% -22% -31% -24%
A 20 -26% -10% -31% -25% -33% -26%
A4nnual Witr Srn 
Summer Fall
0 88% 99% 91% 75% 90% 0.0%
5 95% 100% 99% 83% 99% 0.7%
20 96% 100% 100% 84% 100% 1.3%
A 5 8% 1% 9% 11% 10% N/A
A 20 9% 1% 10% 13% 11% N/A
149
island: Flores
Year: 2018 Renewable Electricity Target: 75%
Installed Diesel (MW): 3.7
Installed Wind (MW): 1.1
Installed Hydro (MW): 2.7
A 5 13%
A 20 14%
Hydro Generation Level: High
Mean Wind Speed Level: Average
Annual Demand (MWh): 13,531
14% 15% 17%
16% 16% 18%
150
N/A
N/A
Island: Flores
Year: 2018 Renewable Electricity Target: 75%
Installed Diesel (MW):
Installed Wind (MW):
Installed Hydro (MW):
143
105
102
-26%
-28%
3.7
1.6
2.7
101
85
85
Hydro Generation Level:
Mean Wind Speed Level:
Annual Demand (MWh):
131 11 iJ
93 148 87
91 144 85
9 U
-16%
-16%
-29%
-31%
-22%
-25%
-37%
-39%
85%
94%
95%
97%
100%
100%
89%
98%
99%
71%
81%
82%
87%
99%
100%
0.0%
0.5%
1.1%
A 5 10% 3% 10% 14% 14% N/A
A 20 11% 3% 11% 16% 15% N/A
151
km
High
Average
13,531
1,928,417
1,420,883
1,386,538
-26%
-28%
I
Island: Flores
Year: 2018 Renewable Electricity Target: 75%
Installed Diesel (MW): 3.7
Installed Wind (MW): 1.1
Installed Hydro (MW): 3.2
Hydro Generation Level: High
Mean Wind Speed Level: Average
Annual Demand (MWh): 13,531
£
152
APPENDIX J: MODEL RESULTS FOR Low HYDRO GENERATION AND AVERAGE WIND SPEED
Island: Flores
Year: 2018 Renewable Electricity Target: 75%
Installed Diesel (MW):
Installed Wind (MW):
Installed Hydro (MW):
5
20
274
255
254
3.7
0.6
2.7
Hydro Generation Level:
Mean Wind Speed Level:
Annual Demand (MWh):
219
195
192
242
214
215
328
314
314
294
284
283
-7%-11 -11% -4% -3% -7%
A 20 -7% -12% -11% -4% -4% -7%
Annual Witr Sprn Summer Fall
0 46% 64% 57% 28% 38% 0.0%
5 47% 66% 59% 28% 38% 0.2%
20 47% 67% 59% 28% 38% 0.8%
A 5 2% 4% 4% -1% 0% N/A
A 20 3% 6% 4% -1% 0% N/A
153
Low
Average
13,531
3,700,989
3,445,990
3,438,593
island: Flores
Year: 2018 Renewable Electricity Target: 75%
Installed Diesel (MW): 3.7
Installed Wind (MW): 0.6
Installed Hydro (MW): 3.2
Hydro Generation Level:
Mean Wind Speed Level:
Annual Demand (MWh):
198
177
173
234 318 Z8U
192 305 266
191 304 266
i,5JU,b4/
3,222,675
3,207,166
-9% -11% -18% -4% -6% -9
-9% -13% -18% -4% -6% -9%
Annual Winter Spring Summer Fall
50% 69% 61% 31% 43% 0.0%
52% 72% 67% 31% 43% 0.5%
52% 73% 67% 31% 43% 0.7%
4%
5%
10% -1% 0%
10% 0% 0%
N/A
N/A
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Low
Average
13,531
261
238
237
K
A 20
4%
4%
Island: Flores
Year: 2018 Renewable Electricity Target: 75%
Installed Diesel (MW):
Installed Wind (MW):
Installed Hydro (MW):
I 24b23
220
3.7
0.6
3.7
Hydro Generation Level:
Mean Wind Speed Level:
Annual Demand (MWh):
183
160
154
212 307 27U
172 292 252
170 293 249
Low
Average
13,531
3, 33L,b41
3,012,017
2,978,190
-10% -13% -19% -5% -7% -10%
-11% -16% -20% -5% -8% -11%
2~
55%
57%
58%
74%
78%
79%
67%
73%
74%
35%
35%
34%
47%
47%
47%
0.0%
0.4%
1.3%
4% 5% 9% 0% 1% N/A
A 20 5% 7% 10% -1% 0% N/A
155
Island: Flores
Year: 2018 Renewable Electricity Target: 75%
Installed Diesel (MW): 3.7
Installed Wind (MW): 1.1
Installed Hydro (MW): 2.7
zoo
222
220
191
165
163
Hydro Generation Level: Low
Mean Wind Speed Level: Average
Annual Demand (MWh): 13,531
215 300 266
176 286 246
176 286 243
3,324,685
2,999,398
2,978,721
-10% -13% -18% -5% -7% -10%
-10% -15% -18% -5% -9% -10%
Annual Winter Spring Summer Fall
55% 72% 66% 37% 49% 0.0%
57% 76% 72% 37% 49% 0.4%
58% 77% 72% 36% 49% 1.1%
A 20
9% 0% 2%
10% -1% 2%
N/A
N/A
5%
5%
156
Island: Flores
Year: 2018 Renewable Electricity Target: 75%
Installed Diesel (MW): 3.7
Installed Wind (MW): 1.6
Installed Hydro (MW): 2.7
U ZZZ
5 192
20 190
1/u
139
134
Hydro Generation Level: Low
Mean Wind Speed Level: Average
Annual Demand (MWh): 13,531
19U /8 241
148 257 212
144 257 212
i,UU?,5z5
2,598,963
2,570,578
5 -14% -18% -22% -8% -12% -14%
A 20 -15 -21% -24% -8% -12% -15%
' al Winter Si n Summer Fall
63% 78% 74% 44% 57% 0.0%
5 67% 85% 82% 46% 61% 0.5%
20 68% 86% 83% 46% 61% 1.2%
A 5 7% 8% 11% 3% 6% N/A
A 20 8% 10% 12% 3% 6% N/A
157
Island: Flores
Year: 2018 Renewable Electricity Target: 75%
Installed Diesel (MW): 3.7
Installed Wind (MW): 1.1
Installed Hydro (MW): 3.2
A 5 5%
A 20 1 6%
Hydro Generation Level: Low
Mean Wind Speed Level: Average
Annual Demand (MWh): 13,531
7%
9%
9% 0% 2%
11% 0% 2%
a a
158
N/A
N/A
APPENDIX K: MODEL RESULTS FOR AVERAGE HYDRO GENERATION AND HIGH WIND SPEED
Island: Flores
Year: 2018 Renewable Electricity Target: 75%
Installed Diesel (MW):
Installed Wind (MW):
Installed Hydro (MW):
I185
184
3.7
0.6
2.7
Hydro Generation Level: Average
Mean Wind Speed Level: High
Annual Demand (MWh): 13,531
103
99
192 273 240
152 260 209
152 260 209
2,956,563
2,499,344
2,487,903
-15% -35% -21% -5% -13% -15%
-16% -38% -21% -5% -13% -16%
63%
69%
69%
82%
96%
96%
72%
80%
80%
45%
45%
45%
Fall
57%
61%
61%
0.0%
1.5%
1.8%
A5 10% 17% 11% 0% 8% N/A
A 20 10% 18% 11% 0% 8% N/A
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Island: Flores
Year: 2018 Renewable Electricity Target: 75%
Installed Diesel (MW):
Installed Wind (MW):
Installed Hydro (MW):
A 20 I 10%12%
3.7
0.6
3.2
Hydro Generation Level: Average
Mean Wind Speed Level: High
Annual Demand (MWh): 13,531
14%
14%
14% 1% 8%
17% 1% 11%
160
N/A
N/A
Island: Flores
Year: 2018 Renewable Electricity Target: 75%
Installed Diesel (MW):
Installed Wind (MW):
Installed Hydro (MW):
3.7
0.6
3.7
Hydro Generation Level: Average
Mean Wind Speed Level: High
Annual Demand (MWh): 13,531
73%
79%
81%
92%
100%
100%
82%
93%
97%
54%
55%
55%
66%
73%
76%
0.0%
1.3%
3.2%
A 5 9% 9% 13% 2% 10% N/A
A 20 11% 9% 18% 2% 15% N/A
161
Island: Flores
Year: 2018 Renewable Electricity Target: 75%
Installed Diesel (MW):
Installed Wind (MW):
Installed Hydro (MW):
a D 11%12%
3.7
1.1
2.7
14%
14%
Hydro Generation Level: Average
Mean Wind Speed Level: High
Annual Demand (MWh): 13,531
17% 2% 10%
19% 2% 13%
162
N/A
N/A
Island: Flores
Year: 2018 Renewable Electricity Target: 75%
Installed Diesel (MW): 3.7
Installed Wind (MW): 1.6
Installed Hydro (MW): 2.7
1bd
126
122
Hydro Generation Level: Average
Mean Wind Speed Level: High
Annual Demand (MWh): 13,531
11b
84
84
14b 21/ 184
93 178 139
84 178 130
2,273,314
1,707,682
1,646,820
-25% -27% -36% -18% -24% -25%
-28% -27% -42% -18% -29% -28%
79%
88%
89%
93%
100%
100%
85%
98%
100%
66%
72%
72%
74%
85%
88%
0.0%
0.7%
2.0%
A 5 12% 8% 15% 10% 14% N/A
A20 13% 8% 17% 9% 19% N/A
163
Island: Flores
Year: 2018 Renewable Electricity Target: 75%
Installed Diesel (MW): 3.7
Installed Wind (MW): 1.1
Installed Hydro (MW): 3.2
175
138
134
11/
84
84
Hydro Generation Level: Average
Mean Wind Speed Level: High
Annual Demand (MWh): 13,531
151 228 195
100 202 154
91 202 145
2,373,090
1,869,342
1,807,774
-21% -26% -24% -5% -12% -21%
-24% -28% -40% -12% -26% -24%
Annual Winter Spring Summer Fall
76% 93% 83% 61% 71% 0.0%
84% 100% 96% 64% 79% 1.0%
85% 100% 99% 64% 83% 2.4%
16% 4% 12%
19% 4% 17%
164
K
A 20 10%12% 8%8% N/AN/A
APPENDIX L: MODEL RESULTS FOR AVERAGE HYDRO GENERATION AND Low WIND SPEED
Island: Flores
Year: 2018 Renewable Electricity Target: 75%
Installed Diesel (MW):
Installed Wind (MW):
Installed Hydro (MW):
247
217
216
3.7
0.6
2.7
161
133
132
Hydro Generation Level:
Mean Wind Speed Level:
Annual Demand (MWh):
ZU!s 3 16 /2u
165 308 242
165 305 242
Average
Low
13,531
3,341,33
2,932,176
2,919,039
-12% -28% -19% -3% -10% -12%
-13% -28% -19% -4% -10% -13%
km
54%
59%
60%
76%
87%
87%
68%
76%
76%
31%
31%
31%
47%
51%
51%
0.0%
1.5%
1.5%
A5 9% 14% 10% -1% 9% N/A
A 20 10% 14% 11% -1% 9% N/A
165
5 |
20 |
Island: Flores
Year: 2018 Renewable Electricity Target: 75%
Installed Diesel (MW):
Installed Wind (MW):
Installed Hydro (MW):
230
194
189
Hydro Generation Level: Average3.7
0.6
3.2
Mean Wind Speed Level:
Annual Demand (MWh):
1b4
102
94
190 300 251
141 291 223
135 287 218
-16% -38% -26% -3% -11% -16%
-18% -42% -29% -4% -13% -18%
Annual Winter Spring Summer Fall
60% 82% 74% 36% 52% 0.0%
67% 96% 84% 36% 56% 1.7%
68% 98% 86% 36% 58% 3.2%
K-
A 5 11%
A 20 14%
17%
19%
13% 0% 8%
17% 0% 12%
166
Low
13,531
3,109,576
2,622,650
2,550,666
N/A
N/A
Island: Flores
Year: 2018 Renewable Electricity Target: 75%
Installed Diesel (MW):
Installed Wind (MW):
Installed Hydro (MW):
2lU
177
171
3.7
0.6
3.7
Hydro Generation Level: Average
Mean Wind Speed Level: Low
Annual Demand (MWh): 13,531
135
86
85
168 286 234
125 271 206
112 271 197
2,837,694
2,394,890
2,314,140
-16% -36% -25% -5% -12% -16%
-18% -37% -33% -6% -16% -18%
65%
71%
74%
88%
100%
100%
80%
89%
94%
41%
41%
41%
58%
62%
66%
0.0%
1.7%
3.7%
A 5 9% 14% 11% 1% 7% N/A
A 20 12% 14% 18% 0% 13% N/A
167
Island: Flores
IYear: 2018 Renewable Electricity Target: 75%
Installed Diesel (MW):
Installed Wind (MW):
Installed Hydro (MW):
235
202
199
3.7
1.1
2.7
Hydro Generation Level:
Mean Wind Speed Level:
Annual Demand (MWh):
1/l
118
117
184 311 257
141 299 231
135 298 226
Average
Low
13,531
3,173,450
2,735,176
2,691,740
-14% -31% -24% -4% -10% -14%
-15% -32% -27% -4% -12% -15%
Annual Winter Spring Summer Fall
58% 79% 74% 33% 51% 0.0%
64% 91% 84% 33% 55% 1.4%
65% 91% 86% 33% 57% 2.7%
km
A 5 10%
A 20 |12%
15%
15%
13% 0% 7%
16% 0% 11%
I a.
168
N/A
N/A
Island: Flores
Year: 2018 Renewable Electricity Target: 75%
Installed Diesel (MW): 3.7
Installed Wind (MW): 1.6
Installed Hydro (MW): 2.7
226
191
184
-16%
-18%
Hydro Generation Level: Average
Mean Wind Speed Level: Low
Annual Demand (MWh): 13,531
170
105
103
-38%
-39%
169
124
110
-27%
-35%
305 245
293 220
294 208
-4%
-3%
-10%
-15%
3,056,207
2,578,818
2,493,454
-16%
-18%
I
A 5 11% 18% 13% 0% 7% N/A
A 20 14% 18% 18% -1% 13% N/A
169
_
APPENDIX M: ANNUAL REDUCTION IN FUEL CONSUMPTION AND CARBON EMISSIONS FOR
ADDED RENEWABLE CAPACITY AND ENERGY STORAGE
Island: Flores
Year: 2018 Renewable Electricity Target: 75%
Installed Diesel (MW): 3.7
Installed Wind (MW): 0.6
Installed Hydro (MW): 2.7
None (Basecase)
0.5 MW Hydro
1.0 MW Hydro
0.5 MW Wind
1.0 MW Wind
0.5 MW Hvdro & 0.5 MW Wind
5,488
4,754
4,080
4,491
3,680
3,849
Hydro Generation Level: Average
Mean Wind Speed Level: Average
Annual Demand (MWh): 13,531
4,652
3,740
3,176
3,399
2,504
2,809
836
1,747
2,312
2,089
2,983
2,679
836
1,014
904
1,092
1,176
1,040
Additiona Installed Renewable Energy NoStorage( )5 MWh Storage Reduction From Se newabm
Capacity (Liters) Basecase Capacity
None (Basecase) 1,810,986 1,535,106 275,879 275,879
0.5 MW Hydro 1,568,957 1,234,331 576,655 334,626
1. 0 MW Hydro 1,346,318 1,048,150 762,836 298,169
0.5 MW Wind 1,481,947 1,121,581 689,404 360,366
1.0 MW Wind 1,214,407 826,450 984,536 387,957
0.5 MW Hydro & 0.5 MW Wind 1,270,043 926,916 884,070 343,127
Reduction fromnAdditiona Installed Renewable Energy Storage (Lt) 5 MWh Storage Reduction From Same Renewabe
Capacity No (Liters) Basecase Ca acity
None (Basecase) 4,827,610 4,092,188 735,422 735,422
0.5 MW Hydro 4,182,425 3,290,401 1,537,210 892,024
1.0 MW Hydro 3,588,929 2,794,091 2,033,520 794,839
0.5 MW Wind 3,950,479 2,989,840 1,837,770 960,640
1.0 MW Wind 3,237,289 2,203,098 2,624,512 1,034,191
0.5 MW Hydro & 0.5 MW Wind 3,385,600 2,470,914 2,356,696 914,686
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Carbon dioxide content in diesel: (US Environmental Protection Agency).
